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Gas-Shielded Arc Welding 
| of Aluminum 


By A. F. Leach 


UE TO the war, the need for lighter and stronger 
structures, particularly so in the aircraft indus- 
try, has been of primary importance. By using 
tings, extrusions, sheets and forgings of aluminum 
various alloys; the range and speed of our planes 
been vastly increased. Not only has the aircraft 


try turned to aluminum, but also considerable 
e equipment, such as floating bridges, rocket 
eTs, radio « ises and canteens are being made Iron 


um. The railway industry is planning to use cot 
ble aluminum in its postwar coaches and is nov 
rge amounts of plate in the fabrication of mull 
lo further emphasize the important place that alun 
taking in our industrial picture, the approximats 
figures in tons per year 1s shown 1n Fi 
eep abreast with this rapid increase in producti 
been necessary to develop new methods a1 


to cope with the many associated probl 
‘ has played an important role in the fabri 
material needed in our war efforts While 
num can be fusion welded by several different 


es, such as carbon arc, metallic arc, oxyhydroget 


new gas-shielded arc-welding process 


process actually encompasses three different 
ls of welding The atomic hydrogen method ha 


een used on many metals, including aluminum Atomic Hydrogen Ar elding of Aluminum Washing 


Machine Tu 


The Inert-Are process uses heliu rvon gas as 
shielding ivents and has been used imercially for the 


TONS 


1000,000 
Section I—Atomic Hydrogen Arc Welding of 
Aluminum 
800,000}-—+——+—— 
Figure 2 shows an operator weld 1 um wash 
600,000 ++ J ing machine tank by means of the a 
method. This picture was take ima I 
avo ind shows the type of equipime t ust 
400,000 |}— ee — The current, from the welding transformer shown at the 
right rear of the operator, 1 controll by 1 tapped 
re ctor 11 the former se \ } net ry 
200,000 plug is pushed into the Variou le the } TT 
half of the transformer panel 
ofl current are obtained The new t is showt 
Fig. 3 The only essential difference is in the wel 
1938 1939 1940 1941 1942 1943 1944 transformer in which the current i ntrolled by variable 
Fig. 1 reactance built into the transformer. I) ldition to the 
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Fig. 3—Atomic Hydrogen Welding of an Aluminum Cylinder 


atomic hydrogen welding transformer, a tungsten elec 
trode holder and a bottle of commercially pure hydrogen 
are required for this process. The flow of hydrogen gas is 
controlled by a standard regulator. 

The present-day power unit is a variable reactance type 
transformer with sufficiently high open circuit voltage 
(300 v.), to permit easy starting of the arc. For manual 
welding, the arc voltage will vary from 65 to 90 v., and 
for automatic welding from 65 to 110 v. The are is 
maintained between two tungsten electrodes whose con 
sumption is almost negligible due to the shielding action 
of the hydrogen gas. This gas comes into the holder 
through a hose in the handle and is released to the ar 
through nozzles surrounding the two tungsten electrodes 
The gas immediately surrounding the are stream is trans 
formed by the temperature of the are and is no longer 
molecular hydrogen. The molecules have been broken 
down into their component parts, atoms, and in this state 
the gas is called atomic hydrogen. 

Atomic hydrogen is not a stable form of gas. It is 
extremely active and will combine with other elements to 
form stable compounds, or with other hydrogen atoms to 
form molecular hydrogen. In recombining to form 
molecular hydrogen, the energy supplied by the are and 
absorbed during the transformation to atomic hydrogen is 
released in the form of heat, at a temperature sufficiently 
high to raise any metal above its melting point. This 
temperature is between 6000 and 7000° C. 

Since the temperature of the atomic hydrogen arc is 
higher than the oxyhydrogen or acetylene flame, and due 
to the fact that hydrogen is a very efficient heat transfer 
agent, the over-all welding speed obtained with this 
process 1s the highest of any in use today. Speeds as 
high as 36 in. per minute have been obtained on */j¢-1n. 
plate, using a butt joint with no edge preparation. Full 
penetration is obtained with no preheat. 

As in most other welding processes, the atomic hydro 
gen method of welding aluminum requires a flux, but 
due to the reducing action of the hydrogen gas, very little 
flux is required to break down the aluminum oxide. A 
thin paste of flux, usually one part of flux to one part of 
water, painted very thinly onsthe upper surfaces of the 
joint is sufficient flux to produce a satisfactory weld 
In cases where additional filler metal is required to give 
reinforcement to the joint, flux should also be painted 


In the case of manual welding, several lengths of §)),. 
wire can be made up before welding. In the 
automatic atomic hydrogen arc welding, where a moty, 
driven wide feeder is used to add the filler m 
aluminum wire should be pushed through a flu 
containing a 4 to | mixture of flux to water. Af; 

ing the fluxing box, the wire should be directs 

arc through a water-cooled stainless steel nozzlk 

to prevent the flux from drying too rapidly and 

the wire to stick inside the nozzle tube. 

It is very important that before welding all t: 
pickle treatment and oil should be removed 
surface of the plate. If oil has been present on 
face, then some degreasing solution, such as carb 
chloride should be used and allowed to ev iporat 
welding. Unless this carbon tetrachloride is all 
evaporate at normal temperature or 1s driven off b 
preheat, there is a tendency for these degreasin; 
to be retained in the surface of the aluminum ai 
porosity when the plates are later welded. A 
chemical cle ining, the top, bottom and sides of 
should be either rubbed with emery cloth, 
brushed. Emery cloth is preferable, since it 
cuts away the surface of the aluminum and expos: 
metal. While wire brushing is faster, it has a ten 
burnish the surface of the metal and fold in impurit 
and heavy spots of oxide which later show up 
the finished weld surface. 

If the plates to be welded are particularly 
may be possible to eliminate the mechanical cle 
the joint and use less flux. In some cases thx 
been clean enough that it was necessary to add 
on the filler wire rather than to both the filler wi 
the surfaces of the joint, but where the surface c 
of the plate are liable to vary, it 1s advisable t 
the mechanical preparation and fluxing on all 
before we Iding 

The types of fluxes that are used with the 
process, are usually prepared in a very thin solut 
1 very thin coating applied to the joint and filler 
Due to the fact that this flux is water soluble, it 
easily and quickly removed. After welding, tl 
of the flux is dark and therefore, a visual inspect 
show whether the flux is completely removed 
the cleaning process. Usually the flux can be r 
in a few seconds, using hot water and a bristle b1 

Most other welding processes use greater qu 
of flux which produce an almost glass-like structur 
welding. In some cases the flux is hard to rei 


LAP JOINT 


EDGE JOINT 


FILLET JOINT F-SuTT JOINT 


CORNER JOINT 


A 
on the filler wire. The flux should be mixed with a ratio bi 
of four parts of flux to one part of water and then painted TEE JOINT BUTT JOINT 
thinly on the filler and allowed to dry before being used. Fig. 4 
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iires considerable wire brushing and scrubbing in 
oiling water. 


' As in the other methods of fusion welding of aluminum 
where flux is employed, the full penetration butt joint 
nd corner joint are the only types that can be used in 
ny thickness of plate. By referring to Fig. 4, the reasons 
this can be seen. 
Each of the joints pictured in Fig. 4 with the exception 
mes where complete penetration was obtained on 
he butt and corner joints, there is a likelihood that flux 
will left between the two plates of metal as indicated 
Unless this flux is removed by long and expen 
kling, usually sulphuric acid, and followed by hot 
lips, the danger of subsequent corrosion 1s very 
If the weld contains an inclusion of flux, the 
th of the joint is not only impaired by the inclusion 
» will be affected by subsequent corrosio1 
Due to the fluid nature of molten aluminum, it should 
led in the flat position wu at all po ible mince 
does not change color when passing from the welding will ten permit tr : ~~ 
the molten state, some care has to be exercised, four times over that which in be tained under tl 
larly in welding of thin plate to control drop down hest nual wel ond ' 
ling thin plate or on the first pass of a multipass jp ; ture with proper fit . 
he back side of the joint should be supported with — ean be realized wit ey 
tainle Lee or copper chill bar where backing 1s Thi ty 
While the size and shape of the chill bar will, ' + 
necessity, have to change on various applicatior the th ‘on 
uld not bear directly on the back side of the esses {1 ; \ . 
uld be spaced approximately in. away frot th apvroximats 
t in order to allow some drop down for reinforce pace is 1 ecessary in t 
the back side of the weld Also, the surfaces of face dimensions should , Jotch 
ck-up bar which contact the underside of the joint ro e ic nem f 
not be too close to the joint as the bar will absorb veldi 
slow down the welding speed. The dimensio1 In multipass we 
the air space under the joint will vary from job t required and can be ven 
best be determined by trying several different wire feeder The filler wire tant 
itions while setting up the job in order to deter rate 3 the side of ti we I filler 
the shape that will give the desired drop down and wire. travel speed, current re 
| affect too greatly the speed of welding maintained at a uniform sett , ; { 
; [he atomic process 1s very adaptable to automati weld will be verv fi ind uni 


velding if the fixture which supports the work maintains 
it a constant distance below the arc. Thyratron tube 
ntrolled automatic welding heads are available for Section I]--Helium-Shielded Arc Welding of 
taining a constant are voltage between the lips ol Aluminum 

e tungsten electrodes, and will assure uniform welding 

ults if the distance between the are and the joint While 


: the helium Inert-Are welding proc: also re- 
a al es not vary On relatively thin stock automatic 


quires a flux in the welding of aluminum, it has seve 


characteristics which make it more suitable than atom 
hydrogen welding on certain 


| | 
The equipment used with this proce in be seen 10 
jut] 
Fig. 5. The power unit is a standard arc-welding gener 
—— tor with current range depending upon the thickness of 


the aluminum to be welded Heliun t least 


ite 5: —_ 98.4% purity should be used t hield the at Gas ol 
a pin are this purity can be obtained from any of the well-known 
Ya 1@ gas 1 Lilt? 
Stage recul tor te TO 0 lb pre fly eter 
ittached to the regulator iS Ve! ial I 
the amount of helium used and also in presetting the flow 

of gas before welding. 

The electrode holder is a manual i! led full 
insulated holder which grips the tungst electrode in 
tool steel clamps An oft-on gas flow switch 1s cont uned 

; in the handle of each of these holder The amount of 
‘ gas 1s controlled by the regulator setting and is turned off 
nd on by the small switch e-Up 
the electrod cla 5 at l Ch c] Cant 
he used with '/,-in. tungsten electrod 
4 used with tungst i Cit ) i 
js 125 amp. For work that requires a heavier curret 


water-cooled holder weighing approximatel) times 


— as much as the smaller air-cooled holder will handle cut 
fig. S—Helium-Shielded Arc Welding of an Aluminum Casting rents as high as 400 amp. with '/4-in. electr 
SEMBE 
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| In actual welding either polarity may be used but ex- 
perience has shown that the best results are obtained 
with the electrode negative or with straight polarity. 
Best results mean that a higher travel speed and a lower 
tungsten consumption can be realized with the electrode 
negative. It is a known fact that the temperature of the 
electrode on the negative side of the d.-c. arc in inert 
gases is lower than that of the electrode on the positive 
side of the arc. The relation is such that approximately 
60% of the heat is concentrated on the positive side while 
40% is on the negative side. 

It follows then that the maximum welding speed with 
any given current will be obtained when the aluminum 
plate is positive in respect to the tungsten electrode. 
Also, the tungsten will operate at a lower temperature, 
and will not have a tendency to ball up on the end. 
This balling-up is caused by a large drop of molten 
tungsten forming at the end of the tungsten electrode 

This balling-up action not only necessitates very care 
ful watching, but any slight movement of the electrode 
holder will cause the molten drop to wiggle and the 
current will flow from the nearest point of the ball to the 
aluminum plate. This will result in a wavy bead and 
improper penetration in some points, Also, this ball-up 
interferes with the gas flow pattern out of the nozzle and 
will cause air to be drawn into the shielding gas. This 
results in a dirty scum on the surface of the finished weld 
A few fabricators have continued to employ reverse 
polarity with flux, using oversize electrodes to reduce the 
balling-up action but increased speed and decreased 
tungsten consumption can be obtained by switching to 
straight polarity. 

One ot the advantages in using the helium-shielded 
process over the atomic hydrogen process lies in the 
shape and size of the tungsten electrode holder. Due to 
the long slender shape of the electrode holder, it is 
possible to get into corners and holes that would be in 
accessible to the atomic hydrogen electrode holder 
Since the atomic hydrogen holder necessitates the use of 
two tungsten electrodes, the size of this holder is con 
siderably larger than that used in the helium-shielded 
process. 


A further advantage that is very significant in auto- 
matic welding is that a change in are length is accom 
panied by a change in arc voltage. This change in volt- 
age can be used as a signal to control the motor, which in 
turn, raises or lowers the electrode holder. This means 
that once the control is set, the electrode holder will be 
raised or lowered in order to maintain a constant are 
voltage across the arc. 

An example of where automatic are length control 
is desirable would be the case of the welding of a 
circular seam on a vessel which is mounted in a fixture 
and rotated under the arc. If the circular seam is made 
with a turned-up edge, this edge must be accurate within 
0.01 in. If less accuracy is used and a fixed arc length is 
maintained, then, the heat of the are will change with a 
change in arc length and uniform penetration will not be 
obtained. Since the characteristics of this arc are such 
that the raise-lower motor can be used to compensate for 
changes in arc lengths, uniform welding can be obtained 
by adjusting the position of the electrode to compensate 
for variations in the turned-up edge. 

This are voltage change with arc lengths can also be 
used to weld joints with changing contours such as the 
outside of an airplane wing section. If the arc is tra- 
versed from the trailing edge to the leading edge of the 
section, the change in arc voltage can be used as a signal 
to cause the welding head motor to raise the electrode 
until the thickest section of the wing is reached, and then 
gradually lower the electrode over the leading edge of 
the wing. This are characteristic can be used to great 


1132 THE WELDING JOURNAL 


advantage in a number of applications where it 
sary to weld over uneven contours. 

Even though 60% of the heat of the arc is cone: 
on the aluminum plate with this helium-shield 
the aluminum is still not raised to as high a t 
as that obtained using the atomic hydrog 
For this reason, it is not as fast as atomic hydro; 
ing, and is used only when it is necessary to get i 
areas that will not accommodate the atomi 
torch, and where it is desirable to use automat; 
pensation for variations in work position. 

Since flux is used in both the helium-shield 
atomic hydrogen welding processes, the same pri 
should be used in carefully removing this flux 
weld has been completed. Consideration will 
to be given to the types of joints that can b: 
this process in order to facilitate easy removal 
flux. The only types of joints that can be used i 
the complete removal of flux can be easily check 
again the butt and corner joints. Other types of 
such as the fillet, lap, T-joimt, contain overlappi 
faces from which the flux is difficult, if not imy 
remove. Since a good portion of the meeting suri 
not fused together during welding, flux will re: 
trapped between these adjoining surfaces and is rei 
only after very thorough and meticulous cleani 
due to the fluidity of molten aluminum, thi 
best used in the horizontal and flat positions. 

In cases where additional reinforcement in th 
desired, filler wire can be added in the same 
described above for the atomic hydrogen pro 
general, more flux is required for this process du 
fact that the helium atmosphere is not reducing 
case of the hydrogen atmosphere. 


One job that has been recently carried on 1s inter 


ing in view of several of the facts pointed out 
This job involved the helium-shielded arc weldi 
aluminum fuel tank. The tank was made of | 
aluminum sheet and employed what has beer 
strip joint. This joint is shown in Fig. 7. 
accurate fit-up on this joint was made possible 
unique method of preparation. When the two | 
the tank were first placed in the welding fixture, the 


of the joint were slightly overlapped and a saw 


with a blade 0.081-in. in thickness was made thr 
the overlapped portion of the tank wall. Thus 
in a cut with the sides of the cut exactly parallel. A 
f the same material 0.081 in. thick and '/, in. wid 
turned on edge and placed in this slot. The fixtu 
then tightened up and almost metal-to-metal 
was made between the sides of the tank and the 
the entire length of the tank. 
used. The length of the joint was approximately 
Since the fixture was accurate, fixed arc length wa 
between the tungsten electrode and the edge 
turned-up strip. Only occasional manual adju 
of arc length was necessary. The tank was weld 
speeds approximately 18 to 19 in. per minute with 
90 amp. d.-c. welding current. Flux was used 
filler strip and on the edges of the tank wall. 

This job was unusual in that the electrode 
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u sitive or reversed polarity was used. From the 
' m on electrode polarity it should be noted 
t] e opposite polarity 1s preferable due to the in 


speed obtained by the higher heat input to the 

um plate and also due to the lower tungsten con 

On this welding job it was necessary with 

trode positive to use an electrode */, in. in diam 

| employ water cooling. Normally, a ‘/¢-1n 
electrode with water cooling and using either alternating 
or direct current with electrode negative will 
p to approximately 400 amperes. It 
straight pol irity or electrode negative had been 
ved, the we lding speed could have been increased 


) 


24 in. per minute, using the same 


is estimated 


proximately 22 to 


It is estimated that this same job with the same joint 


preparation and fixture could have been employed with 
h mic hydrogen welding process to obtain welding 


{ 27 to 30 in. per minute. 


Section II]—Argon-Shielded Arc Welding of 


Aluminum 


It has been realized for some time that any fusion weld- 
ing process of aluminum which would not require the use 
i flux would be a great boon to industry. Due to the 
f the flux, the cost of thoroughly removing the flux 
iter welding, and the limitations of joint design, any 
cess which would eliminate flux would open up new 
fields in which aluminum with its inherent light weight 
| high strength could be successfully used. At present 
the only known process in which aluminum can be satis- 
torily arc welded without the use of any flux is the 
Inert-Arc method employing argon gas as a shielding 
ome respects, the argon-shielded arc process is 
to both of the methods of welding already de- 
bed. The power unit for argon-shielded arc welding is 
c. welding transformer similar to that used with the 
ic hydrogen process but with special characteristics. 
[he electrode holder is the same as used in the helium- 
hielded process. In order to cover the complete range 
welding currents with this process, air-cooled and 
oled holders are used. For manual welding the 
equipment is the same as shown in Fig. 5 except that the 
power unit is a transformer instead of a motor generator 
type welder. 
Like helium, argon is a monoatomic, inert gas, and its 
main junction in this welding process is to shield the are 
protect the molten aluminum from oxygen and hy- 
irogen. The argon should have a ratio of at least 99.8 
nd should be called “Argon Welding Gas.’’. This 99.8 
he ratio between argon and nitrogen in the gas. This 
there are 998 parts of argon to every 2 parts of 
gen present. Argon and nitrogen are not the only 


tr 


ements in the gas as there are slight traces of oxygen an 

irogen. The ‘Argon Welding Gas’”’ is special in that 

xygen content is less than 30 ppm. while the hydro- 

ei content is less than 100 ppm. Unless the hydrogen 

to a very low value, the finished weld bead will be 

rou Argon is available from a number of sources 
€ it is extracted from the air. 

The purpose of the welding fluxes used in other 

thod welding aluminum is to remove 

A simple test can be made to show 

must be removed. If the ends of two 

| aluminum are heated to slightly above their 

g points and then brought together, it would be 

lly expected that the ends would fuse, but due to 

k tenacious coating of aluminum oxide surround- 

ig the molten aluminum, the surface tension is such that 


fusion 
num oxide. 
Why this oxide 


oO 
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Fig. 8—Manual Argon-Shielded Arc Welding Being Done on 
Light-Gage Aluminum Plate 

the molten metal will not flow together. When a flux is 
used, the aluminum oxide is changed chemically t um 
inum chloride and aluminum fluoride whi wl iolten, 
do not have the high surface tension of aluminum oxide. 
The a.-c. are surrounded with the 9 rgon gas 
used in this process reduces the al so that 
the molten base metal will flow together and form a 
satisfactory joint 

The same initial cleaning proce re ] e used 
with this process as described under tl t c hydrogen 
method. The presence of oil is very detrimental to the 


welding and will result in a porous struct 
Since no flux is employed in this proces 
removing it after welding is nonexistent. With the 


methods of welding aluminum, considerable labor, time 
and materials had to be employed to remove the cor 

rosive fluxes. After welding with shielded 
process, the fabricated piece Cal be finished by either 
painting or some other surface teatment Che smooth 

ness of the bead depends upon the skill of the operator 
in traversing the are and in adding filler l. Since 


the arc is very stable and quiet in nature, there is no weld 


spatter. 


rhis process is particularly adaptable t nual weld- 
ing since the ar length « in be varied a i tenth 
of an inch without greatly affecting the value of welding 
current. This means that weld penetration is not greatly 
affected by small changes in the are length Manual 
welding with this process is shown in Fig. & 

Since alternating current is employed in the are, the 
tendency for the tungsten electrode to ball up is not as 
great at any given current as it is on direct current, re- 
verse polarity. In alternating current the flow rapidly 


changes from one direction to another, therefore, there 
is no tendency for either the electrode or the work to be 


come hotter due to the current flowing in only one direc- 


tion. Since the tungsten does not have a tendency to 
ball up with alternating current, the gas flow pattern 
not disturbed when using high current 

Due to the fact that the arc voltage with any given 
current is less in argon than in helium, the welding 
speed is somewhat slower. In other words, since the 
watts in the arc 1s less in argon than in helium, there is 
lower heat dissipated in an argon are than in a helium 


arc, 
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The electrode torch is handled in much the same 
manner as when using the helium-shielded process. The 
arc 1s most stable when the tungsten electrode is held 
in the near vertical position and traversed along the joint 
to be welded. Filler wire can be added either from ahead 
or behind the arc, depending upon the choice of the 
operator. In manual welding, the filler is added in much 
the same manner as in gas flame welding. ‘That is, the 
filler is added with a push-pull motion. The filler is 
pushed into the edge of the are column and then rapidly 
withdrawn. The amount of filler added will depend upon 
the frequency of the push-pulls and also on the diameter 
of the filler wire used. 

In some cases ordinary cleaning has failed to remove 
all of the impurities from the filler wire. These impurities 
will show up on the finished weld bead as a black sooty 
deposit which is only on the surface of the bead. Whil 
this sooty appearance does not affect the strength of the 
weld, it may be objectionable from a finish standpoint. 
It has been found that by dipping the aluminum fillet 
wire in concentrated cold sulphuric acid for approxi 
mately 10 min. and then washing in hot water and allow 
ing to thoroughly dry will remove this sooty condition 
from the finished weld bead. 

One application which has employed this argon 
shielded arc-welding method of aluminum to an ad 
vantage, has been in the manufacture of radio cases. It 
was necessary for these radios to be operated in the 
tropics where high humidity and high temperature condi 
tions are prevalent. Since it was necessary to employ 
joints on this case in which it would be impossible to 
completely remove the flux, argon-shielded arc welding 
was employed. With this process, the joints were not 
subject to corrosion and very little refinishing was r 
quired on the outside or inside of the joints 


Summary 


In general, fusion welding of aluminum is more satis 
factory on the low-alloy materials than on the higher 
strength alloys employing elements such as copper. In 
the low-alloy, low-strength aluminum plate the welds 
and adjacent plate will exhibit approximately the same 
tensile and ductility values as the base material. The 
welds will respond to cold working and will have very 
high joint efficiency. Fusion welding of the high-tensile, 
high-alloy plate will affect the metallurgy of the ma- 
terial being welded and the resulting joint will be lower in 
tensile than the base material. Since some of the ma- 


terial which was in solution in the base plate pri 


during the high temperature of the welding pro: 


does not go back into the solution on solidify 
strength of the base material immediately 
the welds 1s somewhat impaired. Post heat 
cold working and aging procedures will not in 


efficiency of the joint. 


fa 


Up to the present time little or no thought 


given to the welding properties of the high-te: 
strength alloys. It is sug; 
ments be carried on in which the weldabil; 


iluminum alloys be considered as a part in 
ment program of any new high-tensile, hig! 
alloy. If a program of this kind is succe 
out, 1t will mean that all of the advantag 


velding such as low joint 


weight, 


ind high joint efficiency will be realized 


1 


}, 


S| 


gested that furthe 


1 


high weldin: 


Since the gas-shielded arcs are small intense pir 
of heat, the amount of material which is 


heat of the arc 1s relatively small. 


affe cle 


tortion is found in joints welded with this 


speeds 1n general are higher than those obtai 


the gas flame method of welding pince 
arc 1s high, it has not been found necess 
to use preheat on the material in any thi 
means a considerable saving in the cost of 


preheat. 


The inherent advantages of electrical equ 
realized with this process in that power 


able, and power costs are very low. 


The atomic hydrogen are process is best u 
cations where flux can be tole rated, where high 
speed is desirable, where 
quarters so that the double 


can be used, and where 
tained for automatic welding 
The helium-shielded are 


quiring the small single 
where automatic welding 
even contours, 

Che designer will find n 
shielded are-welding procs 


iere will be no limutati 


joints are n 


ul 


1S 


il 


employ in the manufacture 


Due to the fact that flux ts 
therefore, no problem in removal 


ner ol joints can be SuCcCt 
subsequent corrosion 1 
with these three proces 


lower, than other methods 
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elded Gas Holders with Panel 
Type Lifts 


By Rudolf Kraus 


~ AS holders are used, as the name 1m ‘s | 
ing of gas to be available for heating as needed in 
J 1 community or for industrial ] 
lders are built in various 


$izes ranging iron 


eet everal hundred feet in diameter and 
ights and with one or more lifts to suit the 


e size of the field to be served. However, these cond: 
not enter in the principle fabricating a welded 


liscussion will be confined to the wet seal hold 


the familiar water seal principle Che ¢ 

ing type gas holder invented by Clegg in 1817 « 
ed the principle of forming a seal comprised of such 
known as the cup assembly and grip assembly 

hose not familiar with this class of structure, Fig 
ws a diagram of a wet gas holder. All accessories 
h as guide frame, roller carriages, etc., are mitted 
the left are shown the water tank and the deflated 


le right are the lifts in their position, inflated 
e welding of the tank and the 


| lifts are the subject of 
rhe engineering terms 
will be 


The level 


as used in the ; 
recognized without further explanatior 
opment of shop fabricating and erecting « 
tructures was a process of many decades, but gas 


lders built forty years ago are, in their engineering 


tures, about the same as those built ten years ago 

the standpoint of maintenance, one difference de 

ped the pas holders built in later years aré re 
ibject to corrosio1 

ably the efficiency of the scrubbing apparatus is 

the prime factors causing interior corrosion and 

Practically all light oils that used to get through 

lders have been eliminated by more efficient plant 


ent. The condition is further aggravated by 
to temperature variations. The moisture 
ned with oxygen in the gas act elerates corrosio1 


rrosion frequently gets its start around the holes 


hs 


e rwet shanks and between faying surfaces, held 
er by the rivets 
tart 


of corrosion 1s first evidenced by the bul 
ne vertical legs. These members act s stiffer 


ides upon which the bottom rollers of the adjoining 


le Che members consist of either I-beams, chan 
[-bars, which are attached to the shells by angle 
rts A Che connecting rivets KR between the two 


ed about | to 24-1n. centers on the shell 


de 
rig. 1). Naturally the faving surfaces between 
ts are not ibsolutels tight: the corrosion de 
ery last there, particularly with dry LuUSIN¢ 
uuckles at vertical stiffeners for the entire height 
older shell [It 1s common for the corrosion t 
» at the vertical leg points to the extent of exert 


cient pressure to shear the con 


necting rivets R 
His The corrosion progresses also in the 
Iw th \ ‘ t \ W ct : 
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coupon revealed that the 


usly cut On thi 


ired to be in good conditio1 


der were ilmo t 
Che corrosion had done 11 
the holder shells 1s usually 
[The condition discussed sta 
remedy lo build welded lifts su 
of welded storage tank W 
eal But not much progre 
i vas applied to a desig ti 
holder used to be built in courss 
was made up if! 1 number 
QO ft The progr in fitts 
j tT ? 
ter 


ii 
| 


rivet he 


4 
} 
ree 
1) 
| +} 
} 
Du 
e of the 
+} | 
the tnt nes 
tiie 1¢ 
) I 
el Che 
I 
} ther 
‘ 


laps of the holder shell sheets. Figure 2 s] 
of a gas holder shell from which a coupon 
Vi particular holder, 
from the ou 
ind 
( a 
ht ¢ 
ed tl 
reste Lit 
were 
i I le 
hig. | 
neets 
hie 
= 
= 
| 
+ 
Ts \ | 
ts1 
il Stiffener | 
pu 
‘ 
d Fig. 1—-Illustrating Places n Sets in 
on 


|. 
without the usual large number of holes was 
many holes for bolting were provided, then the 
4 was high and, also, the field cost increased due 
bolts. In addition, very unsightly warping re 
was likely that the warping would distort 
‘ tion of the course enough to obstruct the tra‘ 
i lift past the adjoining one, particularly if so1 
te 
2 
Nat! 
\ 
5 4 Heenfor« ng N 
Dead iron \ 4 
Grip | 
Channel 4 
| 
lop Hanging — 
¢ 
“Pp Plate Lal 
Enlarqed View She uring 
Cup ip Assemblies 
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stiffener Panel 
Hanging | Rew 
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Fig. 3—Diagram of Panel Type Lift 
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Water Tank 
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RK d taken place in the cup plates or grip plates 


were also to be welded to the cup or grips, re 
ely, and 1f, in addition, each of the lifts was out of 
ter due to roller adjustment. 
onsidering these various problems, a new design 
" eloped by our company to replace the courses be 


the hanging rows of the cup and grip plates with 
bout 30 ft. long and 5 ft. wide. The method ot 
x these panels was patented. Doing away with the 
yetween courses makes it possible to weld the 
ers directly to the panels. see Fig. 5 for diagran 


nel type lift with detail in Fig. 4 
proper procedure dictated by experience, it 1 
le to have the stiffeners remain straight and plumb 


ie finished assembly. This 1s important because the 
irriages, traveling on these stiffeners, help to guide 
the lifts in their up and down travel. 


Fig. 6—Correcting Distortion with a Bending Machine 
planning and sequencing the oj] rder to obtain 
efficient results both in shoy hie () ill gas 
| hol or | woratorv purp finished com 
. pletely in the shop. Component part r gas holders 
A ire generally shop fabricated ed in the field for 
assembly \ number of subass« hop 
veld these are limited by ce d the 
x V iim 
Pe onstruction, it was necessary t ll steel to the 
hop tt mull in order e uired 
$ r rivet he field All the stec the 
3 | 1] ‘ In welded 
< 
plate eque il 
1 ( eT fly T ( 
jo 
>. 
Fig. 5 
‘ 
veld metal i ‘ ‘ 
welding of the hanging rows to the cuy nd grips 
v first met with doubt: it was expected that the 
varped cup plates would interfere with the entry of the 
min4 » A 
MALCS, enlarged view Of cup and grip assem 
Fig. 3.) However, by proper procedure it is easy 
t 
event the warping. The round seams are uniformly 


ibuted on both sides of the neutral axis: therefore, 


ppreciable change takes place in the cords and are 

of the sections of the cups and grip In the 

of transition when both welded and riveted lifts 

were built, the greater uniformity of the welded assem- 
bles was surprising by comparison. 

the word ‘‘welding’’ expresses only a small portion 

he work of producing a gas holder. The term ‘‘welded 

mcation’ covers the problem better. In fact, the 

nous intermediate steps preceding the welding are 

ry important to make quality welding possible at 

reasonable cost. The aim is only accomplished by 
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Fig. 7—Erecting Tank in the Field 


age 


require expensive chipping if the former is too small 
With up-to-date cutting equipment, this problem has 
been almost entirely eliminated. 

In the shop fabrication, the assembly by welding of 
composite columns for the guide frame is of interest 
This may be any combination of two structural shapes as 


[-beams or channels. This enables the development ot 
special sections and reduces weight considerably. Both 
sides of an I-beam flange are welded to the web of another 
section (see insert, Fig. 5). After proper fitting and 
tacking, the welding is done with equipment built for 
this particular application. The two fillets are made at 
one operation by means of two automatic welding ma 
chines traveling on a 40-ft. long bed (Fig. 5 Special 


I 
cooling equipment had been built in for elimination of 


distortion. A fine spray of water is directed against the 
underside of the web of the I-beams or channels. A 
pump circulates the water from a sump where it is col 
lected. The amount of distortion is influenced by the 
size and weight of the structural shapes. Where neces 
sary, a distortion is corrected by means of a structural 
bending machine (Fig. 6), which can be used for straight 
ening large sections of any type. 

The test of welders follows the regulations outlined in 
the Codes. Our welders have to pass the sidebend test, 
as the lower courses for the tanks are heavier than */, 1n. 
The preparation of these specimens is rather expensive 
if they are burned from the test plates with an allowances 
in width for machining. Before the burning can be done, 
the backup strap has to be removed, which 1s also a slow 
process. This and the expense of machining can be re 
duced to a fraction by using a small band saw to cut the 
test specimen to the required width of */, in. Then the 


Fig. 9—Crown Practically Completed 
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backup 1s chipped from the specimen only. A tes 
shipped to all field jobs 
The cost of testing welders should be further 

by a concerted action of fabricators whose engine: 
the Code Committee. Obviously, weld metal fri 
trodes complying with A.W.S. filler metal specifi 
will pass all tests provided the. welders are sufi 
skilled. If we are satisfied to check the welded se 
means of plugs or segments, why should we not ch 
test plates the same way? That would be peedy 


expensive. Gas pockets and slag inclusions will ; 
in the etched plugs. The same defects show uy | 
test specimen and cause their failure Our « 


makes 1t a practice now to cut plugs from test 
It defects are found, the welder is disqualified 


plugs are satisfactory, th required sidebet 
mens are made to comply with the Code Phi 
has a worth-while influence on the welders be 


Qe 
Bp 4 
My 


Fig. 10—5,000,000-Cu. Ft. Wet Seal Gas Holder, Shrews! 
Mo 
realize during the test what is expected from thet 
actual work. 
Field welding of gas holders follows established 
ciples Due to the cooling of the filler metal as wel 
the parent metal, transversal and longitudinal shri 


have to be contended with Both are responsi! 
tension, compression and warping lo keep these 

acceptable limits is the problem of so-called we 
sequences These are the same whether weldu 
seams on a small cylinder or a large tank or a shy 


there 1s a number of vertical and peripher il seat 


1 


shrinkages of these must be taken care of in thet 


sequence, taught by study and experience | 

it means the vertical seams are welded first, the peri 
seams and the bottom, last. A reversal of se 
would cause serious warping in the bottom and 
crease in the tension of the vertical seams Phi 


sequence reduces the tension in the vertical seams «1 
compression from the peripheral shrinkage. 


In 
Fig. 8—A Tank Completed with Walk Attached 
« 
| 
é 
| 


e field erection a large variety of equipment 1s 
tilized. Electric power is brought to the site to run the 
machines, the derricks, cutting equipment used 
iting special brackets, a compressor for operation 
ping hammers, airdrills, grinders, a blower for 
of the lifts and, finally, a purging machine to 
nished gas holder with inert gas before the in 
is stored. This is necessary to avoid forming 
nlosive mixture with the air in the lifts. For a 
e job, several freight cars are required to move the 
nt from the plant to the site. Generally, 
terpillar crane is shipped to help with the unloac 
matenal, and later on loading out the tools 
ew photos will give an idea how a job progresse 
7 shows the erection in the early stage Phe 


i been finished, and a derrick trave 


handles the material. Figure S shows a larger job, the 
steel tank completed with walk attached The perma- 
nent wood frame is constructed. It will act as a support 
for the crown of the holder when at rest \t this stage 
of erection, the crown sheets are being assembled on the 
permanent fr: 


Work of the Mobile Ordnance 


Repair 


By Captain Samuel G. Dunla 
p 


HIS article contains a general discussion of the 
3 Organization, equipment, mission, and types ol 


work performed by mobile Ordnance maintenance 


ito! Ni attempt 1s nade to give details of 
these phases, because of the magnitude of each 
se and the diversity of operations under varying 
[he Ordnance Department develops, tests, procures, 
res, distributes, and maintains in serviceable condition 
live equipment including general purpose, 
ecial purpose and combat vehicles), weapot fire 
trol instrum« nts, and ammunitior Phe quantity ol 


upment involved includes over 2000 major items and 


mately 488,000 parts for issue These totals do 

lude ammunition, parts which do not require re 

cement, or parts which form assemblies not usually 
bled 


in order to store, distribute or issue, and maintain 

nce equipment in the field, the Ordnance Depart 

nt has developed 15 types of mobile maintenance 

pply organizations, each equipped to perform cet 

ction These organizations are trained and 

ed in such a manner as to accomplish the fun 

Ordnance Service required to conduct the mil 
perations of the field forces of the Army 


nee maintenance 1s periormed in wccordance 


the “five echelon’’ system]. The echelons are deter 
YyV the degree olf maintenance involved, al are 


ed according to the capacity of the maintenance 
nt provided in each echelon First echelon 


ice Consists Of inspection, servicing, and repairs 
ed by the operator, driver, or crew using the 
ent. Second echelon maintenance 1s imspection, 


or repairs which are beyond the scope ol operat 
onnel, but which can be done by the mechanics 


th went th Annual Meet W 
1) nt | 

em the mainte t 
m t n ate 

rac hoy nin nt 


i 
built around the steel tank to handl iterials 
directly off cars erect in place, t t stor 
ing and rehandling the field. | ‘ e crow 
ractically complet \n ope é e crown 
thr whi h the erecti equi ( 
) Wea 0) derrt l¢ ~ ( 
he ) to load the equi] ent ivht 
( the track t starts its retur ur 
Figure 10 shows a leted holder vw the five lift 
the unit which operates the equipment Chis worl 
consists of minor adjustments and replacement of 1tems 
such iS lal belt spark plus >, pil which 
be removed without disassembling the r iten Che 
necessary tools to accomplish this wor! re issued by 
Ordnance to the 1 lg units Repla t parts art 
ul hed by Ordnance on an excl e b vl evel 
ible However, no unit 1s re é ‘ art, 
evi though there no ing 
ve (oral cet 1) eT t iS ) id 
ech | { the tra é first 
| ‘ helo personne per 
( é ive technical advice, 1 ( pectio 
ot Ord e equipment in the | advise 
the using units the mau ll ¢ ince 
rmed by the using troops h r epall 
Ordnance equipiii it ire } ii! 
tenance units Third echelor laintet e consists of 
iccomplishing those rey " 1 are b the scope 
of second echelor d ent 
which do not require heavy shop equipment or long 
periods of lor ae plishment iS per 
formed by Ordn e Light | el ( ies 
Ord ce Medium Maintenance imular 
ill ot which are hig \ ) render 
close support to the usu t | h echelot 
maintenance consists Of repair oO 
of major items from serviceabl erflow 
work third echelo rgan th 
mamtenance co! have 
ment than third echelon ce rior work 
requiring longer periods of time mplishment., 
his wi rk 1S done bv 1 wtenal 
Lompa which ire mobile 1 ) ‘ 
third echelon maintenance er thi 
usi troops Fifth echelo intenance hest 
echelon of Or1 ince Service in the | t 
econdits ig or complete rebu ( 
part ind limited manutactun I ( 
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sists of overflow work of lower echelons. This work is 
performed by Ordnance Base Maintenance shops, which 
receive their work from third and fourth echelon shops. 
Fifth echelon shops are not mobile. 

One or more third echelon Ordnance maintenance com 
panies are assigned to each Division, the number and type 
depending upon the type of Division, its equipment, and 
the specific mission or type of operations anticipated. 
These companies perform the bulk of the maintenance 
operations required to keep the Ordnance equipment of 
the Division in serviceable condition. Their equipment 
is mounted or carried in shop and cargo trucks. They 
maintain close contact with the Divisions to which they 
are assigned and are obliged to move frequently with 
their Divisions. 

The overflow of this maintenance is performed by third 
echelon maintenance companies located farther to the 
rear in the combat area. These supporting companies 
are grouped into battalions of three to five companies 
and normally operate in the Corps or Army areas. They 
usually are capable of performing the balance of the third 
echelon work for troops in their vicinity. Because they 
are not assigned to Divisions and do not have to main 
tain such close contact with the advance troops, they can 
remain in one location for slightly longer periods than 
the divisional maintenance companies which they sup- 
port. The advance of the combat troops increases the 
distance between the supporting maintenance companies 
and the division ordnance troops. When this distance 
becomes too great to permit economical operation, the 
supporting companies move forward and re-establish 
close contact with the divisional maintenance companies. 
Such moves are made by one or two companies of the 
battalion at a time. By this method, it is possible to 
centralize the repair work on hand in the companies 
which remain in the existing location. The first com- 
panies to move forward assume the new repair load and 
those remaining behind complete all work within their 
capabilities before they move forward. This procedure is 
termed “‘leapfrogging’’ and is one of the secrets of the 
success of Ordnance rvice. 

Ordnance Heavy Maintenance Companies handle the 
fourth echelon (major repair) work. Their equipment 
is mounted or carried in trucks, but moves are much less 
frequent than those of the third echelon maintenance 
companies. Fourth echelon work is the most complete 
maintenance normally performed in Corps or Army areas. 

Ordnance Base Maintenance Companies are located 
in the communications zone, utilizing equipment which 
is located in shop buildings. They usually are located 
in or near a city having good road and rail networks, 
permanent type buildings and public utilities. They are 
grouped into battalions in a fixed ratio, being designed 
to operate as units. Base Maintenance Shops are not 
discussed elsewhere in this article. They are mentioned 
here in order to complete the picture of Ordnance Field 
Service and to indicate the type of work which they per- 
form and the conditions under which they operate. 

In addition to their inspection and maintenance func- 
tions, all Ordnance maintenance shops must keep on 
hand a stock of spare parts, assemblies and supplies 
large enough to insure their ability to perform the types 
and quantities of repairs anticipated before they are 
able to request and receive additional stocks. Moreover, 
third echelon shops must stock additional quantities of 
items which are authorized for-+replacement by using 
troop second echelon mechanics. The Ordnance Depart 
ment procures replacement parts and supplies on the 
basis of average consumption of those items over an ex- 
tended period. However, consumption rates vary greatly 
because of geographical location, climatic conditions 
and the type of operations in which each piece of equip 
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Therefore, it is essential that 
ment be adjusted to meet these varying consu 
rates. In order to have a sound basis for procur 


ment is involved 


consumption figures must be obtained from eac!] 
of operations, based on the various conditior 

within the theater. Because of this fact 
that each maintenance shop must have a basis 
mating the quantities of each item that it will u 
any period of operation under certain conditi 


itl 


shop must keep accurate records of the maximun 
tity of each item which it is permitted to keep 
the minimum quantity of each item which shoul 
hand at any time, the level at which replacement 
item should be requested and the quantity of « 
consumed during any specific period of time. | 
of the accurate records kept and the constant eff 
supply personnel to maintain a stock of all re 
items, it is impossible to avoid shortages. When 
are not available, it is sometimes necessary to ma: 
ture substitutes or to repair worn or broken part 
mobile repair shops. This is the primary reason ij 
welding and machine-shop sections found in all Ord 
repair shops. 

The equipment of the various shops differs with resp: 
to size and completeness, depending upon the missi 
the shop. All third and fourth echelon Ordnanc« 
tenance shops have such items as air compressor 
welders, forges, electric generators, oxyacetylene wel 
and cutting kits, hydraulic presses, and hand tools, 
of the shops have battery chargers and paint spray 
fits. For purposes of comparison, the major diffe: 
between the Light Maintenance Company (assign 
Infantry Divisions), the Medium Maintenance C 

general third echelon supporting maintenance) at 
Heavy Maintenance Company, Field Army (the 
general fourth echelon shop) are given in the follow 
three paragraphs. 

The Light Maintenance Company consists of 6 Ot 
1 Warrant Officer, and 126 enlisted men, of which | 
are assigned as welders. It is equipped with one 
ft. air compressor, one 12-v., 2000-w. battery cl 
one forge, four generators having a total output 
9 kw., one 10-in. lathe, four oxyacetylene welding 
cutting kits, one paint spray outfit, one 10-ton push 
hydraulic jack, one 300-amp., 40-v. gasoline-drivet 
welder, and one 200-amp., 30-v. arc welder mounte 
Jeep. Its transportation consists of thirteen 1-t 
wheel trailers, eight Jeeps, five */,-ton trucks, thirtee! 
2'/,-ton cargo trucks, two 4-ton wreckers and on: 
ton wrecker. 

The Medium Maintenance Company consists 
Officers, 1 Warrant Officer, and 155 enlisted men (2 
more men than the Light Maintenance Company 
which 5 men are assigned as welders. Its equip! 
consists of all of the items listed above, plus a 300 
10-v. gasoline-driven arc welder, an extra battery char 
an automotive electrical equipment testing outtit, 
extra generators (a grand total of 33 kw.), an extra 
lathe with a milling attachment, an extra oxyacety! 
welding and cutting kit, a power hack saw, and an « 
10-ton hydraulic push-pull jack. Its transportatio! 
sists of seventeen 1-ton 2-wheel trailers, five |e 
four */,-ton trucks, thirteen 2'/»-ton cargo trucks, 
ton wrecker, and one 10-ton wrecker. 

The Heavy Maintenance Company, Field Army 
sists of 5 Officers, | Warrant Officer, and 192 enlisted 
of which 6 men are assigned as welders. This is | O! 
less than the other two companies, but 37 enlisted 
more than the Medium Maintenance Company 
equipment consists of the items listed for the M: 
Maintenance Company, less the 16-cu.-ft. air compr 
the extra battery charger, the Jeep mounted arc wé 
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e generator. In addition, it has a 
ssor, two heavy duty air drills, one air ham- 
extra JO00-amp., 40-v. 


arc welder, an extra 


enerators with a total of 36 kw., a 14- to 28-in, 

he, a metalizing outfit, a milling machine, two 
( duty air-driven nut runners, an additional power 
k saw, a 60-ton hydraulic press, a sewing machine, 
shaper. Its transportation consists of tw ton 


| trailers, two Jeeps, three */4-ton trucks, six 2'/» 
rgo trucks, two 10-ton wreckers, six 6-ton 2-wheel 
ilers, and two 4- to 5-ton truck-tracto1 
When desirable, changes are made in the characterist« 
lnance units, both as to personnel and equipment, 
ler to insure that the latest developments and tech 
ies are available for the performance of Ordnance: 
[his is exemplified by the recent addition of the 
bile Jeep mounted arc welder to the equipment of 
veral of the mobile repair shops. 
It is the policy of the Ordnance Department to con- 
tinue development of all Ordnance equipment, in order to 
ure that our troops have the world’s best in fighting 
plements. In the process of such development, it 
juently becomes necessary to modify types of items 
iulready are in use. Many of these modifications 
of strengthening of various parts, such as truck 
rames, gun trails, and tank armor. Substitute parts 
ially are furnished, but must be applied in the theaters 
operation. Welding plays an important part in such 
lification work. 


nance maintenance shops repair any Ordnance 
uipment brought to theni by using units. In addition, 
the third echelon maintenance shops furnish contact 
rties (comparable to civilian automobile association 

| service units) which contact combat troops and 
ther nonordnance units near the front lines for the pur 
e of furnishing second echelon replacement parts an 
erlorming such maintenance operations as can be ac 
plished on the spot by members of the contact 
Equipment which cannot be repaired at the 
nt and which cannot be moved by the using troops 1s 
ported by the contact parties and is evacuated by 
rdnance personnel, equipped with Ordnance recovery 
vehicles, to the Ordnance maintenance shops for repair. 
hese maintenance shops repair Quartermaster field 
ooking ranges and many other items of equipment, such 
pecial Engineer Corps vehicles, Signal Corps genera- 
and similar items. It is the aim of Ordnance to 
nder the utmost in service to all branches of the 
Ordnance repair shops take great pride in their 
ulity to repair anything having wheels, gears or firing 


parties. 


lt is well known that the enemy may be expected to 
retahate when we shoot at him. Therefore, it is not un 
mon’ to encounter equipment with missing or dam 
ged parts, such as wheels, tank tracks, gun shields, 
rifle stocks, and similar failures which would not be en 
untered under peacetime conditions. However, it 1s 
the job of Ordnance to prevent the necessity of our troops 
Waging war without their full quota of equipment. It ts 
ways possible to replace a damaged item with a 

lew or reconditioned Therefore, it the 
of Ordnance maintenance shops to make such repairs 
will return the items to service. It is not possible to 
pen a book and find a description of the procedures for 
ng all such repairs; this is where the ingenuity and 
erence of Ordnance personnel and the equipment ol 
nee shops fills a great need in combat. 

the personnel in demand under combat conditions 

iT e Ordnance welders and their equipment. Repairs 


one. becomes 


Foremost 


1945 ORDNANCE REPAIR SHOPS 


by welding frequently save critical time in placing equip 
ment in service at crucial moments. One of the most 
important piece f Ordnance n t lupment 1 
the Jeep mounted are welder, which can be driven directly 
to the front lines for use within range of enemy fire [t 
has been acclaimed as one of the n { luable items of 
maintenance equipment in the At 

During the battle for the Nor Pe ila ul 
tanks encounter¢ iderable er iting 
the hedge-rows which are comm t i i 
France In driving over them, the be f the tanl 
were exposed to enemy fire and the pec rhe nk wa 
aecreast to such an extent that the { ery ul 
nerable targets This wa especi lly I becaust 
the bottom of the hull is 1 le ol mini than any 
other portion of the tanks. It immediately became ob 
vious that some field « ecient W required t elimi 
this vulnerability Che result w opularly 
known as a ‘“‘rhinoceros,’’ which wa the front 
of both light and medium tanks. It nsisted of a num 


ber of verv heavy teeth weld to a steel beam which was 


mounted on the lower front portion of the tan! When a 


tank equipped with the ‘‘rhinocero pri ed a hedge 
row, the teeth dug in and excavated the eart qa vege 
tation. This permitted the tank to penetrate the hedge 
row at a lower elevation and, at the ie time, kept the 


front end from raising enough to expose the belly of the 


tank. In addition, it permitted other ve les to follow 
in the gap formed by the first tank with: requiri the 
use of a “‘rhinoceros’’ on each vé¢ ] | nts were 
performed with this item and, it had been ascer 
tained that the device was a solution t tiie blem, it 
was ummediately decided to so modify as many tank 
as possible in the limited period of 48 hr. By pooling all 
welding facilities on the Normandy beach-head and by 
operating an assembly line in the field, it w sible to 
modify 300 tanks in the 45-hr. perio he use of this 
welded item increased tank maneuver was one 
of the major factors contributing to the br hrough in 
Normandy and the rapid adva of out es across 


France. 

Another example of the necessity for field changes in 
from the China theater of operations 
Before the Stilwell road was opened and the Burin: 
retaken, 1t was necessary to transport equipment 
China by air. Much of this equipment was too large to 
fit into our cargo planes. A specific example is th 
2'/,-ton cargo truck, which is 
cargo vehicle. In order to transport these trucks by air, 


equipment comes 


it was necessary to remove the bodies and to cut the 
frame near the center. By inserting a single-wheeled 
dolly under the rear of the front half of the truck, that 
half could be driven into 1 cargo plane bv using the front 
wheel drive with which all of our 2 ton trucks aré 
equipped. The rear half was manhandled into the plan 
At the destination, the rear half of the truck was rolled 


off the plane, the front half driven off, the trame was 


welded into a single unit, using fish plates for reimforce 
ment, and the vehicle was as good as new 

In conclusion, the necessity for mobile ordnance repair 
shops, including the welding equipment and welding per 
sonnel which form a part of each shop, cannot be over 
emphasized. The Ordnance Department owes a double 


debt of gratitude to the AMERICAN WELDING SOCIETY 


first for its many members who are now 1n the 


service 


their country, both in the Army a in industry devot 
to production of military equipment, and second tor the 
skill which they have imparted to so many Ordnat 
welder 
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N PRESENTING a paper on this subject, one is 
confronted with so much material that would be of 
interest to welders and of use in their work that it is 
ecessary to select and use a very small part of it. An 
ffort is made to present such items as 25 yr. of contact 
“ith welding problems suggest as most useful to welders, 
nspectors and foremen. The paper will be rather too 
lementary to interest one trained in metallurgy 
Experience indicates that a welder’s concern with 
etallurgical problems usually involves the effect of 
eating and cooling on the physical properties ol the 
etal, and particularly the factors that affect the danger 
cracking. For this reason a few words on physical 
pertuues will not be out of place. The force required 
pull apart a bar of metal varies with the are i, 1f bars 
lifferent size but the same composition, structure and 
raness are compared. Phis strength reduced to 
unds per square inch 1s referred to as the “‘tensik 
ngth’’ or ‘ultimate strength.”’ Both terms have 
tically the same meaning. This is probably the most 
uently quoted physical property. Plates for boilers 
pressure vessels are frequently stamped with their 
nsile strength. Specifications frequently call for a 
um tensile strength of 55,000 psi. for boiler steel 
| 60,000 psi. for steel for bridges and buildings. Grade 
pipe usually has a tensile strength of 60,000 psi. 


higher. Steel of this class is usually termed ‘‘mild 


i 
eel’ and can be welded without preheating. Grade 
(" has a tensile strength of 75,000 psi. or higher. Thi 
creased strength is usually gained by increasing the 
rbon in the steel and this may, under certain circum 
ces, require a change in welding procedure to avoid 
nttleness and cracking. 


Physical test reports, in addition to showing th 
nsile strength of the material, frequently show yield 
ont, elongation, reduction in area and sometimes 


irdness Che term ‘“‘yield point ’ accurately describes 
property. It is the stress at which the specimen 
inges in length (yields) with no increase in load. 


materials, particularly stainless steel, highly col 


rked metal and some copper alloys do not show a 

rue yield point but yield gradually. In that case a 

ld strength at a specified extension 1 specified 

the “‘prool stress,’’ that is, the stress that may 
pled and removed without exceeding a given 


ent set, is specified. 
liter the test specimen of ductile material passes the 
pomt or yield strength (depending on the ma 


n it will continue to stretch with some increase 1n 
Che maximum load divided by the initial atea is 

rted as the ‘“‘tensile strength,” or ‘“‘ultimate strength 
I to above Cast iron, hardened steel and other 


Sie tively brittle, materials do not show a vield point, 
é it fail without much elongation 

“ i umount that a specimen stretches 1s a measure ol 
ighness of the metal. The two broket parts art 
together and the increase in length measured 
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If a sample of each is heated to a suitable red heat and 
quickly cooled in water, the tensile strength of the 0.10% 
carbon steel will be little affected, but the 0.35% carbon 
steel might increase in hardness so that it would have a 
tensile strength of something like 100,000 or 200,000 
psi. depending on how quickly it was cooled, and on the 
other elements (particularly manganese) present. The 
0.35% carbon steel, after being quenched, might be too 
hard to file and so brittle that it could not yield without 
breaking. 

This is of particular interest to welders because some 
parts of the parent metal near a weld cool quite rapidly 
if the surrounding metal is cold. The steel that has be- 
come too hard can be considerably softened by reheating 
to 1100 or 1200° F. It can be still further softened by 
heating to a higher temperature, but if the temperature 
is above the “‘critical point’”’ (about 1500° F. for 0.35% 
carbon steel), it must be cooled slowly to prevent re- 
hardening. However, if welding has been done on cold 
steel, it is possible that cracks will start during cooling, 
and no subsequent heat treatment can heal the cracks. 

The physical properties, when known, give some hint 
as to the chemical composition. If the tensile strength is 
not over 65,000 psi. in the as-rolled condition, the steel 
will likely be low in carbon and low in alloys, and have 
little hardenability. It will usually fall in Group P No. 1 
referred to below. However, the chemical composition 
should be known when planning the welding procedure. 

The AMERICAN WELDING Socrety’s Standard Quali- 
fication Procedure divides material into a number of 
groups under “P’’ numbers, the grouping being such 
that a welding procedure that is qualified using any one 
of the materials may be considered as qualified for all 
in that group. P No. 1 covers plain carbon steels having 
a carbon content not exceeding 0.30%, a manganese 
content not exceeding 1.10% and a silicon content not 
exceeding 0.50%. In addition, the carbon content shall 
not exceed the value 0.55 — (Mn + Si)/(4). 

In other words, manganese and silicon have about one 
fourth the hardening effect of the same percentages of 
carbon. This includes mild steel that can be welded 
without preheating unless the surrounding temperature 
is very low. 

The effect of low temperatures on welding has been 
the subject of considerable discussion and research. 
The thickness of the plate, size and shape of the object, 
composition of the steel and the service expected from 
the finished product are all factors to be considered. 
The writer's experience leads him to believe that there 
is little difficulty with material '/, in. and thinner as 
long as the welder can work in reasonable comfort. 
For thick material, it would appear that trouble is likely 
to develop as the temperature approaches freezing. 

The need of subsequent heat treatment, particularly 
stress relieving, will depend on about the same factors 
as mentioned above in relation to the minimum tempera- 
ture for welding. Codes and specifications usually state 
whether stress relieving is required. These are the result 
of a great deal of work and experience and are normally 
safe guides. 

The second group of material given in the Standard 
Qualification Procedure and designated P No. 2, covers 
wrought iron, and the third one covers steel .of slightly 
higher carbon than P No. 1. Preheating to 350° F. 
is suggested. This agrees well with the writer's ex 
perience. Alloy steels are included in other groups, each 
one requiring a welding procedure adopted to its proper- 
ties, particularly its hardenability. This is greatly 
modified by the presence of alloys, particularly molyb- 
denum. The tendency to harden is very greatly reduced 
by preheating the steel before welding, because it reduces 
the rate of cooling. As far as the writer’s experience goes, 
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steel having 0.35 carbon should usually be pre! 
although the other elements in the steel, as well 
size and shape of the parts being welded, affect th 
lem. For example, two bars */, x 3 in. might be 
end to end and there would be enough heat in tl 
from welding to prevent too sudden cooling even i 
is no preheating. On the other hand, if large 
1'/, in. thick were being welded together, ther 
be a great deal of cold metal around the molten p 
cooling would be quite rapid. Preheating would 
quired to prevent cracking. 

It will be helpful to consider the behavior of « 
and other hardening elements when steel is lh 
In ordinary steel at room temperatures, the car} 
combined with the iron to form a chemical com 
called “‘cementite’’ and represented by the chi 
formula Fe;C. This means that three atoms of it 
combined with one atom of carbon. There is not e: 
carbon to combine with all the iron, and the ren 
iron, practically free from carbon but containin; 
other elements, is called ‘“‘ferrite.’”’ If the steel ha 
cooled slowly from a red heat, the carbon-iron con 
will take a form like that shown in Fig. 1. This ; 
micrograph was made by carefully polishing a spx 
of steel containing 0.25%, carbon that had been 
slowly from a red heat, and slightly etching its 
with 1% of nitric acid in pure alcohol. The cem 
has drawn together in irregular layers or plates sep 
by layers of ferrite. These show at the polished 
as a series of lines something like a fingerprint, as 
in the figure. The layers of cementite and ferrite co: 
in such proportions as to contain approximately 
carbon. This particular specimen contains le: 
0.85% carbon so that the excess iron or ferrite i 
rated in the white patches shown in the photomic1 
The fine lines are grain boundaries between indi 
grains of ferrite. The areas covered with fine, 
parallel dark lines, called ‘‘pearlite,’’ represent the 
containing approximately 0.85% carbon. If the 
itself contained 0.85% carbon, it would be all pear! 

In this condition the carbon adds something 
hardness and strength of the steel as shown 
comparison of steels containing 0.109% carbon and ( 
carbon referred to above. When the steel is hi 
approximately 1350° F. the carbon dissolves in th 
forming what is called a solid solution. The carbo 
ire much smaller than the iron atoms and are si 
in the spaces between the iron atoms something lil 
grains of corn, evenly distributed, in a barrel of 
In this condition it is given the name of ‘‘aust 
At this particular temperature, the solid solut 
saturated and it cannot take up the rest of the 
ferrite. ‘The result is a large number of islands 
tenite where the pearlite had existed when the ste 
cold 

As the temperature is further increased the au 
takes up more iron reducing its carbon content u 
about 1550° F. all the iron will be in solution 
steel will now be a ‘“‘solid solution,’’ i.e., austenite 
taining, of course, 0.25% carbon for this sample. 

If the metal is cooled slowly, iron or ferrite wi! 
throwh out of solution at the grain boundarie 
amount of ferrite increasing as the temperature decr: 
Eventually enough iron will leave the austenite to 
its carbon content up to 0.85°% when it will form pe 
again 

To make these transformations, the carbon atoms 
to actually move short distances through the iron an 
takes time. Likely the carbon atom colloides wit! 
atoms and is retarded in its movement something | 
person hurrying through a crowd. At any rate, tl 
arrangement is not complete if the metal is cooled ray 
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O1 Fig. 1—Pearlite and Ferrite in Annealed 0.25°7 Carbon Fig. 2—Martensite in Hardening Region of Fusion Zone Nx 
Stee] 3140 Steel 


It seems possible that if the steel could be cooled rapidly cracks, although stress relieving at 00 to 1200” F 
vice enough, no rearrangement would take place and we would — will relieve most of these cont: 


; ve austenite at room temperatures. That 1s not prac Che alloying elements, nickel, manganese and molyb- 
he par tical in this grade of steel using present equipment, but if denum are very effective in retarding the t1 formation 
ertain elements are added to retard the rearrangement as steel cools, with the result that lerate rate of 
f the carbon atoms (for example, 15%, of manganese and cooling will produce about the same rdne i more 
re carbon), the steel is actually austenitic at room rapid cooling of plain carbon steel We are confronted 
erature with somethu i parad in t] he position 
ss With rapid cooling of ordinary steel containing con ind heat treatment are such to produ n austenitic 
lerable carbon (say, 0.50%), a partial transformation _ steel, e.g., high manganese steel, terial 1s quite 
kes place which renders the material hard and britth tough. If there 1s a little i 1e rate of cool 
| is what happens when we harden tool steel which ing is slower, martensite or hat teel resul 
ually contain omething like 1‘ carbon, or some ind if the alloy 1 ill lower or tl lower, ; 
t less carbon reinforced with other hardening el t tous nnealed steel 
( ustenits 
ery practical bearing on wel roceaure 1 
tal be cooled very rapi rt ( 
etal. Figure 2 shows wt rT te hardens ite 
i¢at-atiected zone neat mall weld I 
f It has the typi l, needle-like str tur har the 
teel and is called ‘martensite It the teel had while, 1 Line m1 le teel, there 1 ms! rable ferrite 
preheated, the rate of cooling would have bee! even in the pearlite art 1 upi ft carbs 
iuced and hardening would have been less severe. and iron atot is such as t ( east rdening 
nd | As the stéel is reheated there is a gradual tendency for _ effect 
' the carbon to draw together and gradually approach the A study of steel containu ri percentages of 
led structure with a loss in hardness of the steel manganese will illustrate t ( . 
w This effect increases with imcreased temperature and manganese may be heat treated plait irbon steel 
Iso with time At something like 1400° F. the softening but we find that an increase of ( nganese has 
xm early complete. ibout the same hardening effect nm increase of 


Naturally, mechanical strains are introduced into the 0.01% of carbon. Steel tha ynitail , nial nese 
earl metal as the hot weld metal cools and contracts and the will hardet with a relatively iow rate of! ¢ ling 
ld rigid metal around the weld resists the contraction For example, it mig bec 

le metal that has been heated. If the metal is soft in oil, while steel of simular rbon content but low 
i ductile, it will deform enough to limit this stress and manganese would require the more rapid cooling r 
failure will result. If a weld is deposited on high sulting from a water quench to produce the same har 
carbon or some types of alloy steel without preheating, ness. At 3% manganese we find it almost impossible to 

the t cracks may develop during cooling. Of course, no subse cool it slowly enough to avoid hard martensite In fact 
quent annealing or other heat treatment will heal the such steel cooled in a furnace overnight may be hard and 
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brittle, while plain carbon steel cooled with it will be 
fully annealed. When we experiment with steel contain- 
ing 1%, carbon and 6 or 8°; manganese, we find that slow 
cooling makes it hard and brittle (martensitic structure). 
If it is heated to about 1825° F. and quenched in water, 
it will be austenitic. While austenite is harder than an- 
nealed steel, it is quite tough. With more manganese, 
say, about 14%, ordinary slow cooling will give us the 
tough austenitic steel. It is believed that the natural 
or stable condition of this steel, 1f cooled « xtremely slowly 
would be pearlitic like annealed plain carbon steel but, 
for all practical purposes, this can be considered as 1m 
possible. However, slow cooling will sometimes tend to 
develop martensite and make this kind of steel hard 
hat is the reason that austenitic steel parts are often 
quenched to toughen them and this is also done to high 
inanganese hard facing material deposited by welding. 

The above theory has a very practical application in 
welding. When welding rod containing something like 
1“) carbon and 14% manganese is deposited on plain 
carbon steel as a hard face, there is naturally a layer be 
tween the weld and the parent metal where there 1s a 
mixture and manganese may be present in any percent 
ige between that of the filler metal and the plate. Some 
where there will be a layer of 3 to 5%) manganese and 
it will be hard and brittle. This does little harm in parts 
that are to be subjected to mild wear from sand, earth 
or other light particles. In other applications where there 
is very severe pressure and there may be some deforma 
tion, it will often happen that cracks will develop in thi 
hard layer and the hard face will scale off. A cure for 
such difficulty consists in using filler metal containing 
alloys that prevent this, or in depositing a layer of ma 
terial free from this tendency on the plain carbon steel 
and depositing the hard facing manganese steel on top of 
that. 1S—Sstainless steel filler metal is a favorite material 
for the intermediate layer because it is tough and does 
not seem to produce a brittle layer when mixed with the 
plain carbon steel base metal or the high manganese filler 
metal 

Stainless steel of the variety referred to as 15-5 is 
also an austenitic steel. It contains approximately 18% 
chromium and 8% nickel. It is believed that the tem 
perature at which the austenite to pearlitet ransformation 
takes place is lowered to room temperature, so it is really 
a different class from the maganese steel referred to 
above. The stainless steel has a peculiarity that 1s of 
interest to welders also. If stainless steel containing 
more than a certain amount of carbon (something like 


0.03%) without columbium or titanium is heated to 
about 1500° F. (red heat) and held for some time, the 
carbon unites with chromium and precipitates at the 
grain boundaries. This robs the steel of chromium ad- 
jacent to the precipitated carbides and makes it vulner 
able to corrosion, which proceeds along the grain bound 
aries If the steel is heated to 1700 or 1800” F. (yellow 
heat), the carbon and chromium go into solution; 1.e., 
they diffuse through the steel. If it is now cooled quickly, 
the carbon and chromium do not have time to migrate 
and precipitate at the grain boundaries and the stainless 
property is restored. 

Sometimes, when stainless steel sheets are welded, 
there is a band along each side of the weld that stains or 
corrodes while the weld itself and the unheated metal 
will be stainless. In this case the weld has been hot 
enough and cooled quick enough’ to avoid carbon pri 
cipitation with its loss of the stainless property. On 
each side of the weld, the metal has been heated to som« 
thing like 1500” F. and suffered carbide precipitation and 
so lost its stainless property. ‘The steel can be rendered 
stainless again by heat treatment, but that is sometimes 
impractical. The trouble can be prevented by using 
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sheets and filler metal that are extremely low in ¢ 
but that is rather costly. The most practical sol 
in many cases consists in the use of steel containi 
stabilizing element (usually columbium or titar 
that prevents the carbon precipitation. 
Molybdenum is an element that has a powerful 
dency to retard the transformation that occurs di) 
cooling. In the percentages used in high pressure 
pipe, that is about 0.59% molybdenum with 0.35‘ 
bon, it has a very definite tendency to cause harde1 
the fusion zone. It is usually necessary to preheat 
work to about 550” F. before welding, keep it hot d 
the welding operation and stress relieve the work b 
it is allowed to cool. If this is not done there is dans 


cracks at the fusion zone 


1! 


Sometimes the crack 
microscopic in size but even such small cracks are set 
because they tend to spread. 

It is believed that the above will give a kev 1 


reasons back of many ol the factors in establishéd 
ing procedure, but there is a great deal more that 


be included regarding the physical properties and ch 
cal composition of the metal Chere 1s one more 
that is believed to be an import int cause Ol c! 
viz., multiaxial stresses. This may be explained 
lows: 


When a bar of tough metal is pulled in two in a t 
machine, its diameter or size decreases as the | ngt 
creases. This ability to yield without breaking 
cause of toughness. If the material is of such a cor 
tion or has had a heat treatment that raises thi 
point to equal the ultimate strength, it will natu 
break without yielding, and be classed as britt 
lhe relation of the expansion and contraction with 
to the rigidity of metal is such that only a few hut 
degrees change in temperature is needed to str 
steel to its yield point. Generally in welding the « 
tion stresses exceed the yield point but the yieldu 
“plastic behavior’ of the metal allows it to adapt 
and avoids cracking 

The contraction that occurs when the metal ts ab 
red heat does little harm unless the metal is ‘‘hot s] 
that is, brittle at elevated temperatures, because it 
commodates itself to the new shape without crac 
In other words, the yield point is low at a red heat 
the stress 1s practically limited to that value by 
yielding. The maximum contraction that can 
below the red heat with most material being weld 
less than 1%, but we often see weld metal that w 
stretch more than 30°, in the testing machine, 


cracks due to welding stresses with very little stretch 


or plastic deformation. 

When the steel is stretching in the testing macl 
one particle is sliding past the others so that it can cl 
length without much change in volume. If there 
any way of preventing its decrease in diameter 
particles would pull apart without much deformat 
In other words, the steel would be brittle. If the ce 
of a sphere of steel were cooled from a liquid state w 
the outside remained cold, there would be tensio 
every direction and little tendency for the stresses | 
relieved by one particle sliding past others. It might 
possible to cause cracks in soft and tough material 
way. Something like that happens when weld met 
thick plates cools. It is under tension in every direct 
and sometimes cracks, rather than relieves the str 
yielding. With thin metal, say, plates , in. or le 
thickness, there is little difficulty from thi Ol 
and it 1s believed that the stress 1s limited by deformat 
proceeding from the sides. With material 1'/2 to 
thick the trouble 1s much worst 

If the job is stress relieved and does not crack be 
it is heated, there is little to fear. At the stress-relu 
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temperature the metal can vieil to relieve the stress. posited on the peened metal. For this reason it is a good 

if it is not to be stress relieved, or if there is danger of it plan to avoid peening the last layer when that n be 
ng before reaching the stress-relieving tempera- done without danger of cracking 

preheating will help. Sometimes preheating is not lo sum up the matter, 1t may be id that fusion 
il. Peening will solve the problem in many cases, welding is the art of adding liquid metal to the liquid 

he peened metal is ‘‘work hardened The ‘‘work surface of cooler metal without Lu biectionable 

ning’ is largely removed when a new layer is de changes in 


Binding Agents for Flux Coatings, 
Their Composition and Production 


By W. Andrews 


“NARLY experimenters, interested in the improve under certain conditions which render alternatives de 
4 ments to be effected in the behavior of a metallx sirable, | \ i they . 
4 are electrode when coated with certain fluxing In order to understand the ri ns why the silicates fail 
erials, found, already to hand, a suitable means of to be 100% satisfactory under all conditions some under 

pplving the mixture they wished to use to the core wir standing of the chemical compositior1 used and the 
the electrode Sodium and potassium silicates, long methods of applying them is requirt Thus a briet 

widely used in the soap-making and other industries description of these characteristics 1s not out of place 
proved ideal for making a strong, permanent coating, in introduction to the later argument 


fused easily and regularly; the resulting welding Sodium and potassium silicates are made by fusin 


g proved to be more fluid, and more easily handled, the appropriate alkali, usuall tl irbonate 
when minerals alone were employed, and the flex: with a pure source of silica ] crushe: 


which these inorganic adhesives permitted in the high-grade quartzite, etc. 
nufacturing process made them almost ideal as bind water soluble, because the stabilizing elements, such a 
gents for flux coatings. To the present day their lime, which form insoluble silicat nd thus protect 
cellent qualities in this respect have proved so ou la 
nding that very iew, probably less than 1°%%, of the form these silicates dissolve very low] nd the « 
mmercial electrodes of all types now being manu mercial solutions are made by heat with water 
tured, do not contain either of both ingredient From iutoclaves. They are not che l « pounds in thi 
to time substitutes have been proposed for various rdinary sense of the word, in that the ratio of all 
either to provide a more moisture-resistant ilicate present in solution 1 etween infinity 


ing, or to improve the electrical properti or for ind the limit of capacity of the al to maint 


her ends. These have, in most cases, directed atte in colloidal solution Their cor tion 1s most <« 
to the possibilities of different organic adhesives veniently referred to the molecular rat the two « 
rt from the more obvious gums and resins, met stituents present, and the solutions 1 r the « 
frequently been made of some of the new pla: pounding of electrode coating enel rv between 
tics for the purpose. the limits of one molecule ' rT d 
one to ur ré ectively lut re 
made tor special put ‘ ut would { instable to 
Alkaline Silicates moisture lor permanence in electre Ux nd it 
ubttul whether the I | | I 
f 1 1 4 re really suincientiy resist ré ect 
ihe tact that the alkaline silicates still retain thet 
erwhelming lead in the commercial field shows that the 
qu wi wi 1 
intages of the proposed organic substitutes cor : ; 
pronn must be made ntl I it\ thie 
bly outweigh the suggested advantages. One im — 
solution used, which controls the rantit 
ite drawback 1s the fact that few of those, effective 
it tive to t er tituent 
ugh to give a coating ol the necessary physical hard 
nd stability, are free from objectionable fumes 
1 ilfects 1tS permanence For ¢ 
g primary decomposition and, 1n many cases, the ter: 
ti nel Cll { | { 
plete combustion of the adhesive in the arc interfert bl . 
the behavior of the welding slag, and the quality of ata Di round, a 
, cient degree of solubility to lut I ( iti 
weld metal, in a deleterious manner In most cases : 
orption of carbon into the weld metal! tends to occur, 
‘ tmospheric conditi ture 
this is undesirable in the case of most alloys to be Dyes sage : 
we Ided i i i i i 
41 lt biliti | | 
the periodic proposals, however, to use other ma ; 
1 silicate uit ft ist 
lor the purpose show that the alkaline silicates, rt 
urable in many ways as they are, have disadvantages 
equivalent soluti 
tted from ] y and August i ie Weldi ither more ary 
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Drying of Silicates 


Che effectiveness of the silicates as adhesives, in form 
ing coatings, depends theoretically upon the fact that the 
silicate solution is a liquid the viscosity of which increases 
very rapidly to a high value while the water content is 
still appreciable. Thus the liquids can be used over a 
wide range of dilution, and merely require drying until 
the moisture content 1s reduced sufficiently for the silicate 
to harden. Drying must be carefully carried out, es 
pecially when sodium silicate is used, because it is easily 
possible to form an impermeable outer skin on the outside 
of the flux covering of the electrode, the interior remain- 
ing soft and moist. Thus, during welding, when the core 
wire of the electrode begins to heat by resistance and 
conduction from the arc, swelling of the flux coating 
may occur, and the performance of the flux is conse- 
quently completely erratic. For this reason, when it is 
suspected that electrodes are faulty, due to incomplete 
initial drying or deterioration in storage, they should be 
properly re-dried in a suitable oven, and welders should 
not be permitted to attempt to dry them hastily by short- 
ing current from the welding machine through the core 
wire, as is sometimes the practice. 

The silicate solutions normally used contain, as sup- 
plied, an average of 40% of solid silicate. In the average 
commercial electrode the dried flux coating should never 
contain more than 2'/;% of moisture in the silicate bond, 
and the amount is, in many cases, considerably less, 
sometimes less than 1%. Thus the great bulk of the 
water is removed, but the remaining amount of silicate 
moisture is retained with considerable tenacity, and it is 
easily shown that the silicate must actually melt before 
the whole of the original moisture is expelled. It has re- 
cently been suggested! that moisture, present in the con- 
stituents of the flux coating of a metallic arc-welding elec- 
trode, may be reduced to hydrogen during fusion of the 
flux in the arc, and because, of course, the resultant weld- 
ing slag and the molten metal of the core wire are in 
contact until solidification, the weld metal becomes 
charged with hydrogen from this source. Hydrogen is 
known to have an adverse effect on the behavior of some 
steels, particularly alloy steels, during high-temperature 
operations, and it has been shown that improvements on 
the welding of alloy steels have been obtained when 
fluxes have been compounded to be as free from combined 
moisture as possible. While, however, it is comparatively 
easy to choose anhydrous minerals for the principal flux 
constituent it is not easy, under commercial conditions, 
to eliminate moisture completely from the silicate bind- 
ing agent. The amount present can nevertheless be 
reduced to a minimum by high pressure mixing, and ex 
trusion of the flux on to the core wire, and subsequent 
high temperature drying, and electrodes, produced under 
these conditions, have superior flux coating stability, and 
generally show superior resistance to crack formation, 
either in the weld metal or in the parent metal. 


Effect of Moisture in Electrode Fluxes 


It is not proposed to deal with this question at further 
length in the present article, as research into the ques- 
tion of the effect of moisture in electrode fluxes is still 
being carried out. It is by no means certain that the 
total elimination of the moisture ‘of the silicate is neces 
sary or desirable, in all cases, since the indications are 
that, apart from any metallurgical effects on the weld 
metal, its effect on the physical properties of the welding 
slag may be important. Experiments with fluxes, com- 
pounded to be completely anhydrous, but otherwise simi- 
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lar to the types commonly offered by commerci 
facturers, suggest that the presence of a certain mi 
percentage of moisture in the flux is of value in r 
the interfacial tension between the molten slag a1 
metal, and thus improving the “‘spread”’ or wetting 
of the slag. Moisture, in controlled amounts, ma 
be largely responsible for the good surface finish 
is a primary aim in present-day electrode produ 
and its complete elimination might necessitate inc: 
in the amount of flux present in order to ensure th 
weld metal was completely covered, and thus obt 
smooth surface to the weld deposit. Observation 
finish of Unionmelt welds, the only completely anhy 
metallic arc-welding process for mild steel in regular 
mercial operation, suggests that the fine surface ay 
ance associated with this type of welding is partly d 
the large volume of molten slag formed, and that t 
reduction of the amount of flux, available in the a: 
the equivalent ratio of flux and metal, present i 
average hand electrode, would result in a consider 
inferior surface appearance. 


Welding of Aluminum 


These considerations refer to the bulk of comme: 
electrodes available at the present time, the vast m 
ity of which are intended for welding mild steel, or steel 
low-alloy content. They also apply to some nonferr 
metals and alloys, and to most of the austenitic stain! 
steels, satisfactory electrodes, with fluxes bound 
alkaline silicates, having been introduced for ma 
these materials. There remain, however, a number 
cases, commercially unimportant perhaps, where ort 
dox use of silicates does not, for some reason, 
capable of giving completely satisfactory results. 
special case where silicates are unsuitable, both be 
of difficulty in application, and because of the met 
lurgical effect of the residual moisture they retain, i 
the welding of aluminum. Investigators, in develop 
nonporous metallic arc welds for the chemical indust: 
found that all moisture must be eliminated from the 
constituents, and adopted fused flux coatings for 
reason, both silicates and organic binders failing to 1 
this requirement. 

Apart, however, from this minor drawback to thx 
round suitability of alkaline silicate solutions, it is pr 
ably highly desirable from the point of view of res 
into metallic arc welding generally that other met! 
of attaching fluxes to the core wire should be availal 
Much research is carried out, in laboratories engage: 
the development of arc welding, with electrodes w! 
are intended solely to provide weld metal of differ 
characteristics for the study of the metallurgy of 
process, and alternative methods of compounding 
various fluxes are an advantage in studying the cl 
acteristics of the silicates themselves. As has alr 
been stated, much work has been carried out with 
ganic materials of which a large number are availa 
for the purpose. The field of inorganic chemistry in t! 
respect is much more limited, however, and a descript 
of two new classes of inorganic adhesives for binding 
electrode fluxes,* for which patent applications h 
recently been made, may be of interest to research wor 
ers in this industry. The first of these is based upon | 
principle that other amphoteric oxides than silica ex! 
adhesive properties when similarly used as alkaline 
tions. Of these alumina is the most obvious, and 
been previously proposed for the purpose, but, in or 
to ensure effective use of alumina in place of sil 
certain precautions must be stringently observed. 
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. Use of Sodium Aluminates 
{ 
t veniently occurs that sodium aluminate, the 
' nding salt to sodium silicate, is of great value in 
: tening, and large quantities are commercially 
h ictured for this and other purposes. For this 
ty the material must be completely water soluble, 
ne produced as a white powder containing approxi 
7 molecules of alkali to 1 molecule of alumina. 
b dried in the manufacturing process, the amount 
r water it contains 1s small, of the order of 3%, and it is 
hy vhat hygroscopic, and must be protected from the 
lat phere during storage, though deterioration in this 
uy ( t is comparatively slow. The corresponding potas 
> due t itl It has been made in small quantities for experi 
hat t mental work but is not, apparently, in demand for com 
al ial purposes and, therefore, not readily availabl 
i These alkaline aluminates are much more readily 
derab] ter soluble than the parallel silicates, and do not need 
ubjected to autoclaving to dissolve ec mpl tel, 
ire thus readily used in powder form and ea 
weighed with the other constituents of the flux, water 
idded during the wet mixing process. They are, 
é re sensitive to reaction with certain normal 
| ents than are the silicates, and may al 
mer with impurities present in mineral sources of some 
" gredients, to the pure form of which they are com 
te letely neutral. Thus their scope in commercial applica 
fet ‘bably very much more restricted, though such 
ta itations are readily overcome where they are used only 
ind r research purposes, 
} 
Fluorides 
~ [he second type of inorganic binding agent is based on 
met fact that certain of the insoluble alkaline, and alkaline 
rs th, fluorides can readily be precipitated from highly 
at entrated solutions in colloidal form. In this condi 
“3 they can be quite strongly adhesive, and can be used 
bind together, into a strong coherent coating, other 
. redients required to form a complete flux mixture 
- rhe technique of handling these fluorides is simple, but 
: ve Strictly adhered to if satisfactory result ire to be 
_ tained. In their best condition they are not as strong 
te coatings, but compare favorably with 
- the organic binders used for applying the coatings for 
eu me nonferrous metals, and are nonhygroscopic and 
ula isture resistant to a marked degree. 
+ illuminate coatings incorporate what is essentially 
" unding agent of high melting point, in contrast to sili 
fer te coatings, and are more suitable for use on ferrous 
ol re wires, including the stainless steels and related 
1S ; of high melting points. The fluorides are more 
CI table for nonferrous metals, particularly copper bas« 
Ir ind are capable of giving interesting results with 
th ind aluminum and its alloys. Little development 
$i work has been published on either of these principles, 
= it is in the hope that the availability of details of 
1pt w to employ these newer types of binding agents may 
awe late further research on the question of the be 
a of metallic are fluxes in general that the informa 
wi erewith described is being published. Because of 
a ery different characteristics each type is separately 
— ibed. Both are really suitable only for past 
led coatings, and, while electrodes manufactured 
la irry dipping are practicable in both cases, they are 
os uch moré troublesome, and extrusion as a manufac 
” tu process has been so widely adopted that attention 
na en confined to this process throughout 
MBER 194° 


FLUX COATINGS l 


Aluminate Coatings 


The commercial sodium aluminate powder contains 
approximately 42°, sodium oxide and 53 Uuminum 
oxide, the remaining 5° comprising about 3' of 
moisture, and small amounts of iron oxide, silica and 
other incidental impurities. It is quite easily handled 
and weighed by normal method nd, though hygro 
scopic, cakes only slowly in moist air. For use in experi- 
mental electrode coatings it 1s dry mixed with the other 
flux constituents, and may then be wet mixed in mixers 


those used for ordinary silicate pastes. 
} 


of similar design to 


The procedure in wet mixing must be designed to form 
in the first place, a highly concentrated solution, in water, 
{f the sodium aluminate. The amount of water led is 
critical, since a small excess rapidly forms too dilute a 
ution and the paste rapidly becomes a slime, and too 
little prevents adequate wetting of the neutral con 
stituents of th mixture, and causes the development of 
heat, due to mixing friction, wl Iry the powder 
completely, and cause reaction troubles with h cor 
tituents as ferroalloys, due to the high alkalinit f the 
luminate 
The Mixing Operation 
Because of the critical nature of the mixing operation 
it this stage, pressure mixers, in which the paste is 
forced, by piston pressure, into co1 t with eccentric 
mixing rollers, revolving at high spec re more suitable 
than the ordinary open-type mixer with slowly rotating 


blades. The latter, which are apparently quite 


r the much less viscous silicate solutions, have too 
low an energy output for really satisfactory with 
those sodium alumu ite soluti whicl t the con 
centration found most effective é final mixture of 
immost rubber-like toughnes Open 
mixers, however, can be uses cient ixing 
time is allowed. 

The amount of dry sodium aluminate used in propor- 
tion to the dry weight of the total flux mixture may vary 
within fairly wide limits without affecting the strength 

f the final coating seriously, but it has been found that a 
proportion of approximately 10% by weight of the total 
weight of the mixture is the best compromise. An 
the remaining ingredients, used ( ts of the 
vhole flux, should be a proportion of alumina (finely 
ground calcined material seems to be quite effective 
ilternatively, chemically prepared tita oxide 
zirconium oxide (not mineral rutile or ( mav be 
used, Whichever oxide is used the unt shoul r 

t less than one quarter ol the weight of the alumi f 
in the flux. The reasons for the use of these materials 


will be explained later. 


The Mixing Equipment 


Ihe very greatly increased viscosity of concentrated 
sodium aluminate solutions, as compared with si te 
solutions, is shown first by the different xing times 
found necessary to obtain a | eneous dispersion of 
the binding agent when used in the type of mixi 
equipment. With the open type of rotating art ixer, 
using equivalent weights of pe wders, wet mixing times 
of 10 to 20 min. are usually considered adequate wh 
silicate solutions are being used Che same quantity 
of an aluminate paste requires between 2 and 9 hu 
before it is properly mixed, the latter conditions being 


evident by the development of a completely c 


149 


and plastic, paste, of the consistency of soft rubber. The 
latter condition, in the aluminate paste, can be achieved 
with less than 10 min. treatment in a pressure mixer, 
such as is used for treating rubber and plastic com 
pounds. The wetting capacity of the silicate solution is 
obviously very much greater than that of an aluminate 
solution, but the great differences in mixer performance 
on the more viscous solution suggest that insufficient 
attention may have been paid in the electrode manu 
facturing industry to the question of wet-mixing eff 
ciency. With the growth of high-pressure extrusion 
processes the tendency to reduce the proportion of sili 
cate present in the wet mixing process has necessarily in 
creased, and comparatively dry, noncohesive pastes 
are now employed for extrusion by most manufacturers 
of the ad 
hesive binder may not appear to have any obvious ad 
vantage, but it 1s suggested that the stability of the 
resultant electrode coating may reflect this quality very 
markedly, and that the matter is well worth closer atte: 

tion than it receives at present. 


Under these conditions improved dispersion 


The highly viscous aluminate solution, therefore, when 
completely dispersed through the remaining flux 
ents, results in a paste of 


rconstitu 
Chis result 


unnecessary to cater for the in 


very high plasticity 
is so striking that it is 
clusion, among the fluxing ingredients, of such materia 

as mica, kaolin, talc, ete., which are often desirable in 
silicate-bound mixtures, owing to the angularity, and 
consequent high friction, of many mineral and metal 
powders. It is easily possible, for « 


xample, using 10°, 
by weight of aluminate in the dry powder and the small 
extra percentage of alumina, titania or zirconia previ 


ously referred to, to plasticize a flux the remaining in 
gredients of which are as abrasive as powdered 
The rubbery nature of the aluminate dispersion is still 
sufficient to allow of easy passage through the restricted 
Such a 
mixture would be almost impossible of extrusion with a 
silicate binder, without the addition of special slipping 
agents, many of which are now commercially available 
for this specific purpose. 


die orifices of the electrode extrusion machine. 


This valuable quality of aluminate solutions is counter 
balanced by a much greater susceptibility than the sili 
cates to gel precipitation in contact with many of the 
minerals normally used in electrode fluxes. This problem 
will be familiar to those engaged in handling silicates. 
Certain materials, for example, the borates of the lim« 
group, destroy the cohesion of silicate by gradual dis 
placement of the silica from the solution by the more acid 
borate radicle, the lime-group base, and the silica, co 
precipitating as a micelle, which breaks up the con 
tinuity of the remaining silicate solution, and rapidly 
reduces the plasticity of the paste. During subsequent 
drying the electrode coating breaks up, owing to dehydra 
tion and shrinkage of the precipitated complex. Any 
compound, unstable in alkali, is liable to cause similar 
reactions; for example, cryolite is unstable in contact 
with alkalies and decomposes slowly according to the 
equation 


2Na3AlF, + + 21 12 NaF 4 


951(OH), + 2Al(OH 


The silica and alumina are precipitated together. A 
similar reaction, with, of course, alumina only as the gel 
precipitate, occurs when cryolite is used 1n an aluminate 
bound paste. In both cases the reaction is comparatively 
slow, and provided mixing is carried out rapidly, and the 
paste used without undue delay, satisfactory electrode 
coatings can be made. 

Aluminate binders are more susceptible in this respect 


than silicates, for alumina is a weaker acid even than 7: /*lusion of Reactive Flux Constituent 

silica and, in consequence, the latter displaces it from Reference has already been made to the variot 
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solution, causing gel precipitation, and weakenin, rs 
binding action. Thus the various forms of silica and th, ny 
more acid types of mineral silicates (the felspa; 

example) are liable to cause trouble unless thi 
pressure mixing referred to earlier is adopted. Si 
other compounds, themselves inert to the aluminat 
be troublesome if used in mineral form becau 
presence of a small percentage of silica as an it 
Examples where this trouble is encountered ar: 
fluoride, in the form of fluorspar, and titanium \ 
the form of rutile. Although carbonic acid itself 
ably too weak to displace alumina, when present 
percentages, carbonates of the alkaline earths ofte 
troublesome, whether in mineral form, due to sili 
tamination, or as pure precipitated chemical 
latter case 1t may be that the presence of a tract 
droxide allows the formation of the insoluble alu 


of the alkaline earth metals. The metal lithium 
the latter characteristic, and even sparing] lub] | 
pounds, such as the fluoride, cannot, for tl 


be used in aluminate mixture 
[It would appear, at first sight, 
the use of aluminates a 


binding agents re 
any but the most limited purposes, but 
difficulties can be overcome by practical mk 


e of sili i, IoT 
mparatively slow. 
must be employed the react 


corporated iiter the 


pecially where, as in the « 


ive constituent 
mixture has been plastic: 
that it 1s not exposed to the prolonged rubbu 
of the mixing process. For research purposes che 
pure materials can often be used where, commer 


mineral would need to be employed, for reas 


inl some cases, digestion of a mineral powder 
ulkaline solutions and subsequent drying 1 uff 
to reduce its reactivity within tolerable limit 
principles to be adopted in producing a sou 


flux coating using aluminates as the binding 
place ol silicates therefor may be listed undet 
headings 


1. Control o} Water Addition 


After the flux mixture containing the alumuin 
powder form has been thoroughly dry mixed, it 1 
ferred to the wet mixer, and the necessary amount 
water, previously found by trial mixes, gradually 
as the powder is turned over by the mixer blac 
slow speed open mixer is being used. With this ty 
equipment it 1s better to distribute the water thi 
mass as evenly as possible, but in high-speed pr 
mixers the water can be added immediately 
amount of water used must be very carefully contr 
as an excess will quickly dissolve the aluminate, at 
paste rapidly descends to a slime. With too littl 
the aluminate solution is too viscous, and the past 
heats by friction, and dries out before becoming p! 
The quantity required depends upon the surface 
the whole flux powder mixture, and must be enou; 
ensure a solution of aluminate of just sufficient 
to wet the whole to the correct degree. 

With correct wetting, and sufficient mixing thi 
eventually becomes smooth and rubbery in textur 
in this state, is ready for extrusion. If kept 1 
moist atmosphere it remains in a suitable condit: 
several days, though tending to stiffen slightly, 
paste which is too soft can be left until at the right 
of stiffness for extruding. Too hard a paste is 
softened, if thoroughly remixed with a minimum 
of water. 
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culties which may be encountered in this direction, and, 
esearch and experimental purposes it is usually ad 
le to start with pure chemicals, where these are 
nable. Where the flux need only contain a minor 
O1 rtion of a compound, known to react fairly slowly, 
mineral silicate, like felspar, this can often be 
fully included by first plasticizing the remainder, 
dding the reactive material shortly before the 
ded for extrusion. In many cases trouble 1s com 
ly avoided by this procedure, as the kneading 
e mixer mechanism is often the main stimulant to 
tion and, if this 1s reduced to a minimum by final 
rporation in an already plastic mix, many materials 
in comparatively inert. This procedure should be 
ted to less than 30°, of the total weight of paste, 
herwise the stability of the binding agent would suffer, 
jue to the final addition being incompletely wetted. 
Where it is desired, for various reasons, to use natural 
minerals (for example, the crystalline form of a chemical 
compound may be less desirable as a flux constituent than 
that of the same compound in the form of a natural 
mineral), pretreatment of the constituent to remove, or 
, reactivity 1S practicable 
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paste 
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Stabilizing Additions 


\ small proportion of alumina, titania or zirconia, 
hould form part of the total flux powder. This addition 
; necessary because commercial aluminate contains ex 

f alkali, necessary to give a completely soluble 
If this extra alkali is compensated by the 

a proportionate amount of a suitable am 
, the tendency of the final dried coating to 
leliquesce and carbonate is greatly reduced. Alumina, 

h seems to be quite effective in the calcined form 
ercially available, is the logical material to 
hemically prepared titanium and zirconium « 
ilso to be suitable. 


roduct, 
presence ol 


teric oxide 


use, 


Theory of Binding Action 
etting of these pastes 1s totally different from that 
lhe latter, 
true gase soluble 


bserved in cases where silicates are used 
ir commercial names suggest, are 
they 


ne, which forms an 1 


un no other base, such 


Phe 


water because cont 


isoluble silicate. 


process ol! 
I 


I in this case 1s thus a continuous increast the 
scosity of the three component system, alkali, silica, 
ter, to a value so high that it 1s, in effect, a solid of 
ibly permanent properties under normal storage 

n Because removal of moisture may, under 


rapid from the 

of a paste than the internal 
the paste itself, drying must be slow, es 
viscous grades of silicate, ot} 
lor ible skin to be 
containing a much higher 
cause much trouble, due to swe 
flux coating in welding. 


rable external conditions, be mort 


liffusion of 
turé in 


the mort 


there is a tendency 
rmed, the interior 


ent Chis may 


a dry imperme 


Mechanism of Drying 


(he mechanism of drying of aluminate-bound fluxes 


irs to be totally different. No precautions to ensurt 


irying in the early stages after extrusion are neces 
or even desirable. The extruded electrodes require 
herely to be transferred to a suitable drying oven im 


nediately they leave the machine, preferably in the tem 
ture range 130—-150° C., and within 15 to 20 min., 
pending upon their diameter, are set hard In order 


oid cracking of the coating due to thermal stresses 


ti 
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if too suddenly chilled, more 


gradu il ling is desi: ible 
The 


um of the compounding of the coating in the man 


ner described is to allow of the ultimate formation, u 
the final electrode coating, of the only-partially solubl 
monomolecular compound, in place of the very soluble, 
more alkaline salt, commercially n factured Phe 
normal, partially soluble, aluminate rystallizes with 
three molecules of water, forming the cor und ey 
pressed by the formula the extra alur i 
being added to compensate for the exc of alkali It 
seems trom practical experience that other photeru 
oxides, in particular chemically prepared titania d 
zirconia, are able to form stable complexes in the same 
way, and probably several similar compounds could be 
found by experiment Che reaction of aluminate setting, 
therefore, seems to be the formati ! a supersaturated 
solution of excess alkalinity, in which apparent drying 
occurs as a result of rapid crystallization of the mort 
neutral compound Phe crystal f t pound are 
so small that the product is more nearly described a 


crypto-cryst illine, ind the bindings tion 18 thus ete 


tive, and similar to that of licate 1 ighnes ind 
vives a similar ringing sound, whe har truck in the 
properly dried conditio 
High Plasticity 
he extremely high plasticity of these pastes has al 


t valuabl 


ready been referred to, and 1s on t 
features, since extrusion difficults ‘ ilicate fluxes 
ire a common mal racturil rit | VO! | ippeal 
that the high solubility of thi te allows of the 
formation of an extremely conce lut which 
is fluid but of high lubricat ( equently, 
ingular particl f the re ents are 
prevented fr interlocks { the 
paste under high extrusi pre ré | llows of the 
manufacture of flux coating f we t 
result which calls for very hig! wer ¢ tion, a 
the incorporation of extrusio1 ‘ 1 alg 
I te ul nonated i] T lic t¢ 
b fluxe It 1 own that 
facture has resulted in improved electrode perfor ce, 
due to the use of high extru ( in ver 
det e. table paste ind. cor sequent] t] 11S¢ 
nate bring 1 es 11 t } ‘ 
counter its limitations in other direct 
hysical Reactions in Fus 

iti trie the ah 
nate Ly px has bet r 

ection with expe l at el elec 
trode Little 1 tion 1 to base 
theories as to their effects, and the follow yrgesti 
as to the manner in which they differ fror icate flux 
must be regarded as hypothetical onl he rincipal 
difference from silicate is that 1 ent hi 
meltin t crvstalline Oe 
or possibly lore complex r Zu 
i are used | sili ite-Dol Cal 
the silicat which still « 
rrobabl betwee Vand it 
bin ivenit S ind het | 
it has fixed elti 
temperature, the other higher meltiu nt fl 1st 
ents rapidly fusing in, and n ing the 1 ltant 
Be iuse ol the I wate 

silicate a proportion of morstt 
in solution in the final molten slag, and r twee! 
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this moisture and reducing alloys in the primary flux 
may account for the porosity which frequently occurs 
in the weld metal when highly active alloys, such as 
titanium, are used in large percentages in fluxes using this 
binding agent. 

The fact that the aluminate paste contains the binding 
agent as a high melting point crystalline compound may 
account for the fact that sound weld metal, containing 
comparatively large percentages of titanium, is produced 
relatively easily by this means. The interest in this 
problem, which is now mainly academic, arises from the 
fact that titanium was the original successful addition 
to austenitic stainless steels, to stabilize the material 
against the intercrystalline corrosion in the weld heating 
zone (incorrectly named ‘‘weld decay’’). The introduc- 
tion of the metal columbium or niobium, to give its 
alternative name, as an equally effective agent for this 
purpose, solved the problem from the electrode manu- 
facturer’s angle, but the use of titanium in the original 
steel has continued undiminished, and columbium- 
bearing stainless steel weld metal is widely used in con- 
junction with titanium-bearing parent metal. In cases 
where, in order to investigate corrosion problems, it was 
desirable to test weld metal with a titanium content 
equivalent to that of the parent stainless steel plate, it 
has been found practicable to produce this, using 
aluminate-bound pastes of the fluoride type; whereas 
silicate-bound pastes appeared to be characterized either 
by a complete loss of metallic titanium in the welding 
slag, or a hopelessly porous weld metal. 

Successful electrodes of this type were characterized by 
an absence of oxidizing constituents, such as carbonates, 
from the flux coating and it is suggested that the sequence 
of fusion may be different from that responsible for ti 
tanium oxidation in silicate slags. The melting point of 
the aluminate would lead to loss of the moisture from 
the crystalline binding agent, before the aluminate had 
dissolved to any extent in the molten slag, the basis of 
which would be the other low melting point constituents, 
which it was necessary to incorporate in the flux, to ob 
tain a workable electrode. The tendency would thus be 
for the welding slag to contain less dissolved moisture, 
and thus less tendency for reaction to occur with the 
active metallic titanium, present among the flux powders. 

This instance of the value of aluminates for compound 
ing of electrode fluxes is admittedly of limited applica- 
tion, but is evidence of a fundamental difference in 
flux behavior, the investigation of which may lead to an 
increase in knowledge of the chemical and physical re 
actions occurring in the metallic are process. It is hoped 
that investigators, interested in this subject, may be en- 
couraged to carry out experimental work on the lines 
indicated. 


Fluoride-Bound Coatings 


It may not be generally appreciated that some of the 
alkaline double fluorides, and the alkaline earth fluorides, 
precipitate from solution on colloidal form and, under 
controlled conditions, will dry into coherent masses, 
having sufficient mechanical strength to act as binding 
agents, when properly mixed with limited proportions of 
other compounds, desirable in metallic arc fluxes. 
There are two types of reaction involved, each of which 
gives one colloidal precipitate which is specially suitable 
for the purpose described. The first is that between 
sodium fluoride and aluminum chloride, giving synthetic 
cryolite according to the equation 


6NaF + AICI]; = + 3NaCl 


The same precipitate can be obtained, using the acid 
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fluoride, with liberation of hydrochloric acid ac 
to the following equation: 
3NaHF, + AICI; = NasAIF, + 

Both these precipitates are colloidal and, when 
developed from concentrated solutions, can be Se] 
as translucent gummy masses which will dry har 
firm. The neutral salt is more convenient t 
since the hydrochloric acid released by the acid fluo: 
troublesome in metal containers which it may be 
able to use for mixing. ; 

The potassium analog of cryolite is also readily 
cipitated in a similar manner, but it is normally 
flocculant in form and has insufficient of the cohesiy, 
quality of the sodium salt to be of value as a binder 
Little work has been carried out on the parallel rea 
of the other metals of the same group, in which iron ane 
chromium replace aluminum, but their existenc: 
been noted,*~* and, in some respects, they appear 
show similar characteristics. One feature in comn 
the solubility of the double fluoride precipitate in exe 
of the trivalent chloride, and the full investigation of t 
whole of this series of reactions and solubilities, 
appears to await more detailed attention, offers a 
ful field for research, promising interesting result 
analytical and other purposes. It was noted, for inst 
that aluminum chloride has a high solubility 
calcium phosphate, and that calcium fluoride i 
distinctly soluble in this reagent. Solubility r 
of cryolite, presumably the natural mineral, hav: 
observed and reported on by various investigator 

Apart from the alkaline double fluorides, the flu 
of the alkaline earths may also precipitate in « 
form, with the exception of barium fluoride which it 
impossible to obtain in any form other than well- 
cubes. The most suitable f 
fluxes is calcium fluoride, generated by preciy 


ir use as a binder for e] 


from either sodium or potassium fluorides, p1 
the former, in highly concentrated solution 
probable that the trivalent fluorides alone, parti 
that of aluminum, are also highly colloidal u 
trolled condition Mellor,'* in deseribing alu 
fluoride, refers to the gum-like condition of the 
precipitated, but little evidence appears to be a\ 
of the condition of the analogous salts of iron 
mium, which probably vary widely according to the 
tions under which they are precipitated. 


Practical Manipulation 


Experience is at present available on the syn' 
cryolite, and the calcium fluoride precipitates onl 
the descriptions of how these may be used is given | 
with, in the hope that experimental work on the w 
subject may be stimulated. it should be not 
course, that patent applications have been made, « 
ing the use of these reactions in connection with met 
arc-welding fluxes, but research organizations ma‘ 
them of interest in the investigation of the princip! 
arc welding and for their benefit, such practical 1 
as have been obtained are reproduced herewith. 

There are two ways in which these precipitates 
be employed to bind a flux formula into a coherent 
trode, or welding rod coating, of reasonable mech 
strength and permanence. In both cases it is, of « 
essential that cryolite, calcium fluoride or a mixtt 
both in any proportions, should be desirable ingr« 
in the coating, as fluxing components, in about the 
tity necessary to bind together the remaining flux 
stituents. On this account, and because cryolite, 11 
ticular, is seldom found of value in conjunction wil! 
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materials, these materials are most useful in con- 
with the welding of nonferrous metals and alloys, 
kel and copper base, and the light alloys based on 
um. 
e the binding properties of the precipitates they 
directly mixed or precipitated and separated by 
of a filter press. In direct mixing the alkali chlo 
ually sodium chloride, resulting from the precipt- 
component of the final flux, being, 


tation, remains as 
ny cases, of suitable characteristics, when fused, 
mpatible with the other constituents. In indirect 
the colloidal precipitate is separated by means of a 
nd added, in the form of a stiff paste of 
lled moisture content, to the other dry flux pow- 
ing mixed to give a final paste of suitable consist 
for extrusion and drying. Separation of the colloidal 
precipitates in this manner is a much simpler process 
than direct mixing, and the precautions required are 
merely the avoidance of an excess of unprecipitated 
sodium fluoride, by addition of a slight excess of the 
ride reagent, in the case of both cryolite and calcium 
precipitates. 


le press 


Preparation for Direct Mixing 


xing, in which the precipitation of the col 
the binding agent is carried out in the 


and the remaining flux components added when 
te has been brought to a satisfactory consistency, 


quires considerable care in the preparation. For cryo 
precipitates it is found most convenient t e dry 
n fluoride powder, which is only sparingly soluble in 
ind hydrated aluminum chloride crystals, contain 

Q molecules of water of crystallizatio: Both of 


lily obtainable in the commercial 
le of purity, which 1s usually ade 

urposes. The chloride, of 
ind should not 


material re Tea 

ju ite IOI ll weld 

course, 1S extremely 

be exposed to the atmos 

re longer than 1s necessary for weighing and handlin 
he mixing vessel. 

For use as a flux paste the two materials are weighed 

tin the proportions of the equation; when cryolit 

be used the water of crystallization provides en 

illow the reaction to complete itself without 

When calcium chloride is to be made, 

of calcium chloride 

isture may be added if required, The 

ire transferred, without dry mixing, to 

rably one of the rotating arm open mixers of which 

ral different models are available. In this class of 

er the arms rotate at different speeds, and speed oi 

ng, and the rate of energy input, are relatively slow, 

ling’ control of the rate at which reaction occurs to 

be varied as required, 


le grade is readily available, 
two pow 


a Mixing pan, 


This is desirable, since the re 

‘ction is exothermic, and the temperature of the mix 
usually rises very rapidly. 

rhe two constituents, the sodium fluoride in the form 

i dry floury powder, and the chloride, aluminum or 

ilcium, in the form of fairly soft crystals, are simply 

echanically mixed, until obviously reacting together. 

Chis reaction, which in the supersaturated condition 

btaining is apparent as 


a decided change in the con 
icy of the mixed powders, is also accompanied by a 
ertain heat evolution, which is normally controlled by 
leat capacity of the mixer but which may cause a 
ency of the paste toward drying. This should be 
hed by a sufficient addition of water to maintain as 

possible the same consistency throughout the 
peration, 


T 


the nature of the mixture when the 


Lhe change in 
is unmistakable, 


commences as it becomes a 
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homogeneous mass of a smooth, creamy texture, from 


which lumps, due to unabsorbed chloride crystals, ar 


gradually reduced as the mixture is work lore thor 
oughly. 

The time necessary for the completion of the reaction 
necessarily varies with the P rticulat tions, and, in 
any case, must be long enough to ensure that the whole of 
one constituent is absorbed. It has alr een stated 
that it 1s desirable to commence with proportiot f the 
two constituent powders so graded that while near the 
theoretical quantities called for by the equation, allowing 
for the purity of the raw materials availabl slight but 
definite excess of the fluoride component remains when 
all the chloride had been absorbed. The r ns for thi 
are that an excess of either constituent will 1111] ur the 
binding quality of the dried paste, in the case of cryolite 


precipitates, and a fluoride excess in both cryolite and 


calcium fluoride pastes. However, provided that either 
pastes, when reaction is known to be complete, can be 
shown, by suitable tests, to contain only a slight excess 


of fluoride it is sufficient to add a slight excess of calci 


chloride to precipitate the whole of this remaining 
fluoride, and obtain a paste which will dry hard and firm 
and remain permanently stable under all reasonable 
conditions 

Even a slight excess of unreacted sodium fluoride ap 
pears to be sufficient to cause a crumbly paste after dry- 
ing. This may be because the continuit f the colloid 
precipitate, in the dried state, is destroys wing to the 
tendency of the lkaline fluorides t é of 
ultra-small crystals, and the resultant formation of 
continuous films throughout the paste, inst ol a 


smaller number of large crystals. 
Application of a Chemical Test 

Howe care ll the initial we 
be carri ut, it 1 b 
reast t the tures, to be su ulh 
ciently accurate to ensure the de é ill but 

ehinite exc f the fl rice is 
ent when react ippears 1 
itive 1 test b 
unpl taken the mixer, este It 
conven» tiv L sox | 
sensitive both t luble fluorids iits 
If the zirconium lake of this salt 1 erated in hydro 
chloric acid solution it 1s decolorized by luble fluorides 
ind the test is extremely sensitive, that unreacted 
fluoride in the quantities required for the proper balance 
of the mixing reaction are detected with certainty. 
Similarly the sodium alizarin sulphonate form: red 
lake in alkaline solution with aluminuw ults, the color 

being stable in the presence or exces f acetic acid 
The procedure, therefore, in controlling a mix to ob 
tain a small but definite excess of fluorid to take a 
small sample of colloidal paste, when apparently sufficient 
time has elapsed for reaction to be complete, and dis 
perse this in distilled water by vigor nd the 
addition of acetone Chis solution is then filtered, and a 
small quantity, equivalent to betwee g 
of fluoride, of the filtrate taken. For fluoride detection a 
few drops of the sulphonate are added, and then sufficient 
dilute hydrochloric acid added to destroy the lor Che 
latter is regenerated by addition of dilute thoriu i 
trate solution, the amount requir t te the 
color being proportioned to the 
fluoride present i! lutio1 W he } 
is present the final solution shou e eq t 

of 0.05 to 0.1 meg aluminut 

with 5 ml. of N hydrochlor I ) 
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ml. of a 0.1% aqueous solution of sodium alizarin sul- 
phonate, and finally diluted to about 35 ml. Two milli- 
liters of 5 N ammonium hydroxide are then added, and the 
mixture shaken vigorously and allowed to stand for 5 
min. It is then acidified with 5 ml. of 5 N acetic acid 
and diluted to 50 ml. with water. The red color due to 
aluminum can be compared colorimetrically with a stand- 
ard solution, similarly prepared. The colors fade some 
what after about 2 min., so that quantitative estimations 
should be carried out fairly rapidly. These tests allow 
the condition of a paste, and the completion of reaction, 
to be determined rapidly and accurately, and ensure the 
final adjustment of its condition without difficulty. 

By means of the above tests the paste can be adjusted 
so that a known small excess of sodium fluoride is present. 
In the case of both eryolite and calcium fluoride pastes 
all that is then necessary is to add just sufficient calcium 
chloride to ensure precipitation of the remaining fluoride 
and leave a slight excess, Experience has shown that, 
though normally deliquescent, a small excess of calcium 
chloride is tolerable in the finished electrode flux, and 
causes no deterioration on storage, but it is preferable 
to work in the manner described to ensure, in both cases, 
that the excess calcium chloride is carefully controlled. 

Pastes, mixed and stabilized in this manner, have the 
consistency of a soft putty, and can be further softened, 
by mixing in water, if necessary, for the incorporation 
of the other flux ingredients. The compounding of a 
complete flux formula must, of course, be*balanced to 
include the binding constituent and, in the case of direct 
mixing, the chloride by-product, usually sodium chlo 
ride. The latter, in the case of many nonferrous alloys, 
appears not to affect the behavior of the welding slag very 
much, where less volatile ingredients compose the re 
mainder of the flux, probably because of its low boiling 
point 


Quality of the Flux Pastes 


The flux pastes produced are naturally somewhat 
softer than those produced by either silicates or alumi 
and high extrusion pressures are undesirable, 
otherwise the electrode core wire is overfluxed. They are 
highly lubricant and will plasticize comparatively angu 
lar powders, which may be used among 
stituents. 

Adequate binding capacity is ensured if the total flux 
weight, independent of the amount of moisture present, is 
calculated to contain a minimum of about 15%% of the 
colloidal precipitate. More, of course, may be used if 
desired, or the mineral form of cryolite or calcium fluoride 


nates, 


the other con- 
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may also be added if it is desirable to keep the amo) 
the colloid binder low, and assist final drying 

these precipitates, many of the fluoride-base forn 
known to be suitable for metallic are fluxes, partic: 
for nickel and copper alloys, can be compounded a1 
elimination of all silica or silicates from the coati: 
practicable, if desirable. 


are neutral they 


Further, since the precipi 


are little affected by acid com 


bij 
} 


which may be troublesome with silicates or alumi 
Thus metallic borates, silico-fluorides and simil 
terials, which cause gel precipitation and weakeni: 
the coating in alkaline binders, can readily be incl 


After extrusion the electrode coating is som 
soft and the rods require careful handling l) 
must also be carefully carried out. The coating, t] 
soft, is only slowly permeable, though improved 
respect u a proportion of coarser powder iS incl 
among the other ingredients, and requires prit 
slow drying at a temperature of 40-50° C. This sl} 
be followed by an hour in the range 1S0-200° C.., foll 
by slow cooling to avoid cracking. 

Future Research Problems 

These dried colloid coatings are not, of cours 
hydrous since complete moisture removal would 
ably leave them weak and crumbly Phe O1 
however, 1s apparently loosely held, and probab! 
icts different from that included in silicate and 


nate 


coating 


| he 


mainly 


of 


interest 


research angle 


weak. It 1s c 
the influence 

of the weld m 
proaching the 
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mnsidered, 


Or moiustur 


etal, and 


probl m | 
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however, that 


be investigated on the metallic arc welding of metal 


‘e and gases on the metal 


ilternati' 


that 
lave their value in this 
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Modern Hard-Facing Methods 
By A. R. Lytle 
Part I 
OCALIZED surfacing either for increased resist metal to permit smoothing the deposit by hot w 
ince to corrosion, or wear, or for other special by hammer 
| {4 purpose is now not only accepted but even de . The rate of cooling after weldu es not 
mies nded im a large number of tmportant engineering in hardening of the base metal 
tures or assembli In fact, many part re clk Q Completed surtace 1s continuou i! 
that specific physical or chemical properti wel 
be given to localized surfaces through the proper 0) In many instances the pr be cl iz 
f surfact metals or all e wel r 
Mma relerence te uch t ore It 1 ot the niu 
bli ( Iposil irticl ict ( ed u the h 
ce im our engineering experience ypical ize briefly the relationship t] etween the cl 
7 ir’ lve d valve seat | ts, b te the fi e-we 
bushing sleeves, dredger teet! procket teetl r su 
it the like | t th | baal: 
ir cours wavs ol e wit ract 
Of 10 SUTLACI uch I Line ) ( ct 1S ¢ ) 
{ preformed pieces by mec! ical te { he t 1 ite ] 
or low-temperature soldering; and fusion weld urfacing metal can in most cases b ed at ter 
ry. g. Fusion welding is by far the most versatile and tures below the melting point of 1 tal. With 
lely applicable of these method In welding, one 1s the high-alloy hardenable steel he i tl 
limited by size, shape, thickness, machinability or hard nonferrous metals, thi 
umerous other factors that may limit other method excess-acetylene flame, producing the wi now! weat 
Moreover, fusion welding permits a choice of the full — ing ictiol ry unultan t 
of metal or alloy surfacing materials and unit molten deposited metal, 11 mT 
in a perfect welded relationship to the underlyu ( The lower-melting-p t 


emetals. Welding, therefore, fully justifies its wide flow onto the base metals by tint pI weld 
read use for localized surfacing joint of high strength Che result ot he sweat 
Fusion welding can be further divided into electric ar and tinning method f weldi t ication of a 
| flame welding. Here most attention has been give true overlay of known composit wit te1 ial all 
ume-welding process, because it has many special _ ing ¢ 
itages for this type of welding or surfacing and as a Phe next group of items, N 6 and 7, are of obvious 
equence is very widely used for some of the best importance and great commercial lue 1 e of the 


wn applications. Some of the most important tech rg current surfact op ely, building 
haracteristics of this process as applied to surfacing up rail ends. Although several mill uch jomts are 
perations are as follows built up each year, only a small percentage require mort 
than a 0.03' st of 
since there is minimum dilution with the base ip.5) require k M = built up b 
netal, the original properties of the deposited metal ar ' ' 
w hit welding 1s hnished, be¢ ise Se\ 
Carbon can be idded to carbon hardenable alloys, wor hatonen mt 
t101 i the exces cetviel 
Che surfacing metal can be flowed or sweated onto nosited ter] +}; 
he base metal without melting deeply into the basi th 
characteristics of the proce the 
lhe process is equally useful for applying almost nerat 
urlacing alloys, including brass, bronze, Hayne 
ite rod, high-chromium alloys and cast hard car The absence of : - , 


of the flame, thus reducing finishing costs 1] 
lhe thickness of the deposit can be limited to I 


050 1n., if desirec 
Sutt nt ner "1 has 
ufficient residual heat 1s retamed in the Che cooling rate after flam« ‘ 
Ol ormalh i ) t ‘ re en 
, Base metal there re re left 1 
ed for the Twe h Annual Meetin AW oO t P 
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Fig. 1—Photograph of an Assembly for the Application of Hard Surfacing Rod to Oil 


Expeller Barre] Bars 


We shall discuss in more detail the mechanization of 
many of these operations. The advantages of mechani 
zation are manifold and obvious to those who have had 
the opportunity to observe manual and mechanized 
processes on a comparable basis. The mechanized 
process is likely to show greatly reduced cost for many 
reasons; it requires less well-trained and fewer operators, 
the product is much more uniform and can be made to 
conform to requirements more exactly, and there are 
fewer rejects. Mechanization of the surfacing operation 
is the finishing touch whereby almost perfect localized 
surfacing can be accomplished repetitively on a large 
scale. 

These and other incentives have induced many oper 
ators and welding engineers to investigate the possi 
bility of mechanizing their particular hard-facing or sur- 
facing operations, and many have successfully developed 
their own methods. It is not always possible, how- 
ever, to take a manual method and, by introducing a 
few motors and gears, convert it into a mechanized 
process. Heat balance and metal flow, for example, 
must be much more accurately adjusted in mechanized 
processes since there is less possibility of correction than 
in manual welding. During the past 10 or 15 years, 
however, the Union Carbide and Carbon Research Lab 
oratories, with which the author is associated, have been 
called upon to develop mechanized hard-surfacing meth- 
ods for a very wide variety of jobs. During this time, 
several basic methods of hard facing have been worked 
out. It is the purpose of this paper to describe these in 
some detail, and to show how they have been-applied in 
a few special instances. 

One of the first requirements to consider in a discussion 
of mechanization is the number of units to be treated in a 
given time. Thus in one instance, mechanization of a 
complex hard-facing operation was considered im- 
practical, though highly desirable, because not more than 
two of the particular pieces would be required per week, 
and the cost of setting up the mechanized process would 
not be warranted by the production required. How- 
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welding engineer can ( 


factory results are 


Generally speaking, although all 


each must be complete in 


heat balance, the pre heati 


is one of the ‘ 


the same plant in 

nal production there was at 
tion that was perfectly suited i 
mechanizing and th 
sequently has been satisfactoril 
automatic basis. There 
fast rule to determi 
many parts per day will justil 


of mechanization bi 


» much depends upon the siz 
of handling, distribution of the 
surfaced areas and type of hard { 
but in most cases a progressive, im 


the feasibility and 


economics of making the proce 


The basic conditions to be att 
1utomatic surfacing by flam« 
adequate pre heat, proper 
portioning of the welding flam« 
supply of molten weld 
adequate fluxing. Thess 
ynmon to all the method 
ind they can be discuss¢ 
immediate reference to a 
ope ration. Aside 
matter of fluxing, the three ite 
included in the general ter 


Experience has show 


are certain fundamental pri 


be followed in settn 

hree 
to function cooper 


itself and idequ itely 


its function without relying too greatly on a 
sets of flames In 

ig should serve as a tn 
raising its temperature 
the surfacing metal can flow onto it with only mu 
ling flames Che best t 


produces a relatively 
temperature gradient throughout the workpiece; 
attaining this relative low-temperature gradient pr: 
’ of successful hard facing. 
temperature gradients attained by high heat input 
close to the welding position frequently result 1 
adhesion and porosity in the deposit. As for th 

11 lame seldom is suitable Multi 


Fig. 2—-Photograph of a Section Through a Guide Bar Surfa 
with Hard Surfacing Alloy in a Machine Similar to That Sh 
(Natural Size) 


} 
1 Little more 


id i AS¢ Le 


WV 
ne on a motorized irriage C and ther ed teed [ [he heating head provide “ P 
two row idapted eating the progre ly, ting the welding 
brought about without the use of a lesigned machine assembling 
suitable init b Liall I 
her 
that mu gT 
; this heat balance if sati 
tained. t 
oper itio1 ‘ 
The specimen is shown in the n t 
‘ tance the hard-facing metal wa ove int 
top surface. This method allow: ope 
than is the case when the air 
‘ expeller barrel bar 
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flames provide much closer control, aid in dis- 
ing the deposited metal evenly and smoothly, and 
overheating. Moreover, small flames can be 
d exactly where needed and do not cre large 
s of ambient gases that do little else than heat up 
yparatus. The functions of this welding unit are to 
the small additional amount of heat for melting 
the welding rod, to contribute the final t 

ecauss temperature to the base metal to promote ready and 
adhesion, and to distribute the weld metal uni 
ind smoothly. The rod preheat is quite as im 
nt as the two previous operations. In some 
rm preheating of the rod is facilitated by a mechan 


icrement of 


CaSCsS 


ed rod feed, although, as will be shown later, some 
es use gravity-fed rods. However, in either case 
eheating flames should be primarily directed 
the rods so that greatest control will be available 


| as indicated above, the rods as they enter the weld 
ne should be preheated to a temperature just below the 
er pro. — melting point, thus requiring a minimum of su 
heat from the welding flames. 


yple 
It will be found 
the same general relationships as enumerated here 
for all successful surfacing operations independent 

e or composition of the base metal or composi 
f the deposited metal. 


entary 


ement or control of the disposition of the surfacing 

ust also be considered Much can be done in 

espect by judicious arrangement of the several 

flames, but generally for mechanized operations 

, e limiting barriers are of much more practical 
[hese may take the form of shallow or deep 


{ 
depth equivalent to the depth desired in the 
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Photograph of Short Lengths of Three Bronze-Welded 
Cast-Iron Guides 
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Fig. 4 
Iron Guides Shown in Fig. 3 Before 


eposited metal These have bi 
tisfactory and fully capable of 
the wel metal close tol 
irse, instances which the I 
lied to the exterior cornet 
not possible In such cast 
is entirely satisfactory and i 
large-scale surfacu operati 
rolling the tour d placem« 
terial will be indicated later 
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th this background it 1 
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The following are typical data on this surfacing opera 
tion 


in. thick 


Dimensions of deposit wide, 
Rate of surfacing n munute 
Oxygen consumption hour 
pel weld 
per hour 
per weld 


hour: 


pe! 
Acetylene consumptior 

Ce. 
16 lb 


per weld 


Hard f icing rod 0.6 Ib 


pel 


Two difficulties developed during this work but it is 
interesting to see how they were overcome. In the first 
place, because of the high surface tension of the molten 
metal, the deposited metal tended to hang over the edges, 
whereas a square-faced deposit was desired 
minimize grinding. It was found that by 


in order to 
directing a 


Fig. 5—-Photograph of Machine Developed for Hard Facing Seat 
Rings and Other Large Annular Workpieces 


very fine stream of air against the side of the bar just 
below the molten metal this slight overhang was almost 
completely eliminated and only a minimum amount of 
grinding was required for finishing. The second prob 
lem was warpage. As might be expected, the applica 
tion of a layer of molten metal to one surface of a rela 
tively small bar set up differential cooling 
the result was that the bars when cool would be curved, 
with the deposited metal on the concave Examina 
tion of these bars showed that every out ex 
actly the same. Therefore, the bars prebent in 
the opposite direction by an amount equivalent to that 
which developed during the surfacing operation. As a 
result of this prebending, the surfaced bars were straight 
as they came out of the machine. 


tresses, and 
Sicie 
one Came 


were 


This method has also been used for applying a surface 
of bronze-weld metal to cast-iron bars for such parts as 
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Fig. 6—Photograph of a 10-In. Diameter Seat Ring in th, 
Coated Condition on the Left, and After Machining on the R 


euldes Lhe bars 
s-In. wide by 
metal this 
same general principles were outline 
for the barrel bars except, of course, that no preb 
or preforming was needed as the bronze we Iding 
warping. 


means of 


24 in. long by 2 in. squat 
deep deposit of hard bro 
For 


appli d 


was desired on on hace, operati 


(General 
a long 
most of the preheat was applied with oxyacety] 
The weld metal wa 
welding rods fed 1 
iccomplished by a 

oating on the rod 

results for 
The data for this welding are 
table and photographs of the 
are shown 1n 


cause appreciable prehe iting 


iron was done by city gas burnet 
the normal manner 
y */s-1n. diameter bronze 
eally and fluxing 
of vapor flux and 


bined fluxing 


gives excellent bronz 
operations 
the following 
finished condition Figs. 3 and 4 
Data for Bronze Fa: 
Dimensions of deposit 1*/, in. by 
Bronze welding rod per foot.. .0.8 Ib 
Bronze welding rod per hour...17 Ib 
Rate of surfacing 1'/o in 
Oxygen and/or acetylene 
consumption 


ing of Cast Iron Guid 


per minut 


141 cu. ft. per 
10.6 cu. ft per 
of weld 


The general principles of straight-line surfaci 
also be applied to the surfacing of other produc ts 
relatively long, narrow surfacing operation 1 
A typical operation is the surfacing of the s« 
large-diameter gate valves. Figure 5 shows a 
that is in regular course of production for the fa 

rings in this n 
In this parti 
ope ration the 1 
be coated 1s n 
on a variable 
turn-table. It 
observed that 
multiple-flame 
for preheating t 
to be surfaced, ! 
heating the 
rod and for w 

Fig. 7~-Section Through the Seat have been pt 

Ring Shown in Fig. 6 After Ma- Phe 

chining to Final Dimensions of 


number 
the flames 
the listriput tne case are large! 
me | the former 
heating 
mounted o1 


set of 
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tht 
wet), form dir 
4 
ry hes jn” I 
— 
| ; This machine provides a variable speed turntable on which may 
y be mc inted the seat rir | T wW neating nead re et up t heat th, 
a the inside and outside of the ring, and a third head mounted t 
preheat the rod and to perform the actual iting operatior 
har 1 facing anda pronze tacing eat rind na ve we Iron ? 
groove for 


+} 


tal holder with multiple adjustments. 


peen Sati 


Diameter Wedge 
eam Valve That Has Been Hard-Faced Hard 
Surfacing Rod on the Seat Ring Machine 


Photograph of One Face of an 8-In 


S 


with 


factorily used for 


rod and i special hard-faci bronze to the seat 
ice Ol seat rings that range in diameter from 6t 
lhe deposited metal required varied f1 

in. wide, to '/,1n. deep by 2 in. wide d the 
equipment shown was easily adapted to the 1 
ents of this range in application, and Figs. | 7 
tograpl f one of the seat rings after hard fac 


ichinins 
une method of hard facing has also 


‘tensively for the application of hard facin 


the seating surfaces of wedges for gat ilves 
course, are heavier and more complex in shape 

the insert seat rings, and the simple side preheating 
hown for the seat rings are not usually suitable 


lifficulty, however, 


re i widespre 


pment o] 


ped, all 


is Overcome 1n 
ilve wedges by heating them with the flames from 
ing head for the 


thus obtaining sufficient 


i short time before 


surfacing metal starts, 


{ For large gate valves, the wedge 1s fut uct 
ted to a temperature of about 1000° F. and a pr 
he id is positioned just ahead of the weldi ta 


fhe general principles of this application are the 
d for the seat ring: In most cases the 


cle | ribs 


netal is applied within a groove machined u 
his provides adequate depth of metal and 

e confinement, thus assuring easy al uniform 

lor final machining operatior Figure 
S-1n. wedge on which the seating surtace é 
ted with a hard facing alloy Chis 1s shown 1 


welded condition 

id demand for hard 

is pump rods and sleeve 

rolls in the 
pecial attention 
uitabie methods of surfacin 

far satisfactory 

they may be referred to as the cy 

iral types The cylindrical type was developed 


In such part 
and food-processing 
the 
this type 


crushin: 
ies, thu 


ind 
has been given t 


two 


beet 
lindrical 


methods have 


Chu 
i 


} 
ind more commercial experience is available on 
CESS It will be clear from subsequent discussion, 
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however, 


that the s 
certain | 


piral method will be 


rhe principal characteristi the 
is that the entire length of the 
covered 1 ted in one revolut ( 
cylindrical surface but becaus« e b 
configurati the surtace vh he 
ind the extended width of the ( 

iny unique elements of 1t 
cylinder to be coated is sup] I 
tated rath lowly while molten w et 
simultaneously for the entire 1 
vlinder turns On the complets 
one turn the entire cylinder has | 

Che details of the apparatus and t 
plish this method of hard 
which shows one of the ichines that 
tructed for this type of worl Phe 
et up for the coating of an | 1-in. ] 
ter bear Chis bearing 1s mounts 
in this case turns at the rate r 
\s in other surfacing operatt 
vided for preheating Che pre 
the section to be surfaced and ' () 
line of weldu Che most ch te tic ¢ 
ipparatus, however, are the wel 
welding rods. As the process 1s bast Ip 
tion of the entire coating durin ne ré 
veld metal must be applied simul 
leneth f the sleeve 

weld metal and to distribut: 
tended length, multiple rod ( ( 
to prepare the base metal pr 
btain close control t he rote ‘ 

1 to provide adequate cont th 
netal, the multiple flame-heating he 
photograph was found to be b 


a 
of great value in 
— lrical method 
2 work as th 
» & le more th il 
i] 
Fig. 8 me 
for ane 1 OL Une 
ments of the 
d number ot 
both Haynes y over an ¢ 
tellit Furthermor 
e] metal, t 
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, Fig. 9-—-Photograph of a Machine Develo; for the Hard 
, Facing of Fairly Large Sleeves by the Cylindrical] Met 
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provides two parallel rows of converging heating flames, 


and between them a series of tubes spaced about */, in 
apart for the full length of the work [hese tubes servi 
as guides tor the welding rods Each rod passes freely 


downward through one ol the e tubes and betweet 
converging flames that 1m] 


T 
I 
the point of contact with the work \ sufficient numbert 


two 


unge against the rod just above 


of rods and accompanying heating flames are provided to 


we 


4 
4 
4 3 


Fig. 11—-Photograph of a 6-In. O.D. by 1-In. Wall Cylind 


extend for the full length of the work This cl a 
ciation of welding rod with the heating flames rt 
combination of rod preheat and welding flam 
produces a relatively narrow weld zone. Thi 
condition is necessary because the molten pu wit 
maintained on the top of a rotating cylinder, 
weld metal must be caused to flow onto the bass ; 
and solidify before the cylinder rotates far e1 the 
cause the weld metal to run off. However, vet - 


difficulty is met with in this re spect after the proj iol 
balance has been obtained to conform with th: 
turning of the work. 

A number of adjustments are available in thi 
to vive complete control of the progress ol t] 
ing and thus assure satisfactory consistency 
ind to permit adjustment required for differ 
work as well. Each of the three sets of heatin: 
the preheat and the two rows in the welding h 

supplied through a separate pair of oxygen and 


regulators. This permits a very wide range it 


Local changes necessitated by the presence 


changes in section are readily accommodated b 


AES ee ing the length and orifice size ef the individual t 
ciated with that section It will also be obser 
Fig. 10—Photograph of a 6-In. O.D. by 1-In. Wall Cylinder, the entire table supporting the rotating spindle 
Which Has Been Coated with Hard Surfacing Alloy in the 


oscillated lengthwise This slight oscillation 
Cylindrical Machine able to overcome the furrows that develop on th: 
In the raph at the top, part of the specims hown i between the individual rods when no oscillatio 
the é ndition and part after machining. Attent Che stroke is equivalent to th spacing of the 
thr hes ity of The welding procedure followed for applying t 
thickness of the surfacing alloy surfacing alloy to a cylinder such as shown in the 
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( 
‘ tw 
Aa 
| 
| 
i | | Lilt 
| 1e1 
| i 
| 
th; 
as 
ine lower end hown ready for hard facing a th 
4 
gs 
wee 
4 


1 bearing 11 in. long by 4'/.s in. in diameter, is as spect to the top center, high-qualit ive be 
The rate of rotation of the work is set for one made with a variety of sur thi 
rotation in about 8 mins. The preheating flames are conventional hard br e or bi Stellite 
then lighted and the work is rotated until the t mpera illoy nd vanous high-chromiuuw \ll these 
ture of metal as it approaches the welding station on the illovs respond to the proce ct produ 
{ ibout 1300° F [his serves as an ade juate pre its W 1 lit 
h the ipplication of this type of coating and genet exhibit minimus dilutios vil nd 
ill ittained within one rotation of the cylinder The readily produce duplicable resul re 
two rows Of flames in the welding head are then lighted how1 number of typical « 
justed to a moderate excess acetylene flam« Phe faced 1m 1 type of machin 
nder the flames gradually increases in temperature Phe cylindrical method ts well su the sur 
ibout '/, turn of the work the temperature for li nd heavy-walled ce 
the hard surfacing rod ts attained The rods’ in length, but some difficult e1 ter maint 
re then slowly lowered through the welding flames and ing proper heat balance when the pr ! tended to 
t] become well preheated They are then released the surfacing of long or thin-wall 
permitted to feed by gravity for the remainder of the latter type of work, the spi | ) elope 
Che first row of flames serves to bring the bast Chis method has the advant ' the weld 
metal to the sweating temperature Weld metal from rone in a relativelv narrow circu t rel the 
the welding rods is then deposited in a continuous man deposit 1 pphed proer e] thw with the 
ner, and under the second row of flames the puddle is worl erience wit! 
consolidated and smoothed, and time 1s provided fot factorv in respect to qual 
li tion of anv chanet scale OT gas por ket It 1 it t ind it will undoubted! 
thi tage that the oscillation of the table 1s advantageous Basically the meth 
The deposit as 1t leaves this station is smooth, of uniform — straight-line method, but in tl 
depth and sound Holding the molten metal in place is _ plied as a narrow ribb 
by advancing the welding station ahead of the top o that each successive spiral r ul 
on the cylinder so that by natural ther l cor posit and fon ‘e tinuou Phere 
duction the metal will freeze just as it starts on the down re, of course, many w im Ww h 1 t be done, 
ward slope This is another instance of the value of but: t success has beet et with 1 wut to 
per heat balance but it usually offers little real diffi be described, lrawing of wil how lig. 14, 
ult The process is thus continuous, and 1 little In this particular ¢ , ers 
than one complete turn after the welding rods’ the worl mounted horizontall ndle and 
have been dropped into welding position—enough to rotated at the rate of from 50 to 901 reheat 
erlap and provide a complete coating—the operation ing and welding heads and rod guide ar unite 
ne It 1s possible, however, and in many cas¢ separate tra rsitit iT ‘ | with th 
nitely beneficial, to remelt the deposit superficially axis of the worl The preheating | nular im 
tating the work once more under the welding hape, surrounding the work d p eres of 
fl but without the addition of weld metal. This inwardly directed flames. This head t st 
remelting, accompanied again by the slight oscillation, im the une vertical plane with I Lhese 
ths out the little furrows that were left by th flames not only preheat the base metal but also, becaus« 
elting rods, floats the last traces of scale and flux onto f their reducing nature, protect it from oxidation Che 
the extreme surface and leaves the deposit in a very welding and rod preheating flames are bined because 
th uniform condition. of the narrow welding zone and the rather mice balance 
Considerable experience has been gained in hard facing that is necessarv between rod preheat temperature and 
with this type of machine [It has been used for such amount of total heat delivered to the olten puddle 
is heavy-walled sleeves and bushings up to 4 in Che principal welding flames are concentrat t the base 
in thickness and 11 in. in length, and other machines of of the rod to cause positive continuous melting and ade 
the same type have been used for hard surfacing sleeves quate control of the molten puddle Che rod 1s guided 
is small as ’/s in. diameter by 3 in. long and for heavy vertically into the welding zone through a suitable rod 
ollars 8 in. in diameter, 6 in. long by 1-in. wall. More feeding mechanism 
r, by changing the gas pressures on the several heat- Che details of this method of surtact re interesting, 
ing heads and adjusting the position of the head in re \s 1s clear from the foregoing, the combined objectives 
Fig. 12—-Photograph of 1'/\.-In. Diameter by 3'/,-In. Long Cylinder Hard-Faced Fig. 13-—Photogray f Se 
in a 2'/,-In. Long Zone with Hard Surfacing Alloy on a Small Cylindrical-Type tion Throug! 
Machine. (Natural Size) Faced Cy le 
Fig. 12 After | h M 
Ati 4 S ‘ 
f Deposit t 
I jood 1ess of the De { Met 
(Natur ‘ 
EMBER 1948 | 
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Fig. 14—-Schematic Drawing of Machine Used for the Spiral 


are 


Method of Surfacing Cylinders 


to build up a continuous puddle of molten metal for 


the full circumference of the work, rotate the work at 


such 


a speed that the molten metal will be uniformly 


distributed in this band and yet will not be ejected from 
the work by centrifugal force, advance the point of weld 
ing progressively at such a speed that continuous over 
lapping with the previous spiral occurs, supply additional 
molten weld metal continuously and permit the deposited 
metal to solidify of its own accord as it retreats from the 


welding zone. 


At first thought, it would seem that the 


rate of rotation might be rather critical in order, on one 


hand, 


to prevent the molten metal from running off the 


bottom or, on the other hand, to avoid ejecting it out 


ward by centrifugal force. Fortunately, however, 
is considerable leeway in this re spect. 
made at surface 
any observed tendency for ejection of the metal. 


have 
speeds as high as 1000 sfpm VW 


suriace speeds as low as 250 sfipm. without havi 
molten metal accumulate at the bottom Chis, 
und frees the proce 
iny critical adjustment in this respect 

\nother advantage of the high rate of rotation 
pared with a relatively slow rate, as for instance 5 ry 
that the advance or pitch of the spiral is on the or 
0.01 in. With this fine pitch there 1s practical 
furrowing or spiraling on the 
the metal solidifies continuously as the welding ar 
heating heads advance Chis solidification takes 
about */s in. axially behind the poimt at which the 
ing rod 1s added, and by the time the metal reach 
point, which may be '/» min. after that portion wa 
the welding station, the weld metal has had amp! 
portunity to free itself from dissolved gases and 
solidifies in a sound, smooth deposit with a high degr 
of uniformity of thickness around the periphery. 

The depth of the surfacing layer is determine 
combination of rate of melting of the welding 1 
the rate of traverse of the welding head lengthw 
the work. Itis clear that with a given rate of melt 
the rod, the speed of traversing can be easily com 


for any given depth of deposit, and variation in t1 


fore, offers a verv wide rang 


| 
he surface of the deposit 


ing speed is the most convenient means of cont 
the depth of deposit. Experience has shown that 
cylinder 3'/, 1m. in diameter a depth of 0.100 i 
readily and consistently applied at a traversing sj 

,1n. per minute At this speed, welding rod 1 
at the rate of about 16 lb. per hour, which ts quit 
rate of deposition of weld metal. Such a deposit 
up on machining to 0.080 1n., which ts as thick 
sary for many hard-surfacing operations when cor? 
or relatively moderate wear 1s to be overcome 

One of the important characteristics of this met 
surfacing is the marked freedom from warpins 
walled cylinders. Although the process has 
conmunercially applied over a very extensive ra 
sizes, no appreciable warping or shrinkage has ox 
in some instances in which considerable difficulty 
warping had occurred when other methods of suri 
had been tried. One example 1s shown in Figs 
16 hese are sections taken through a 3'/,4-1n 
ter, -in. wall cylinder 11'/s in. long 
surfacing operation this cylinder continuously 
true on the spindle and, 
ran true. Caliper measurements of the bore ind: 
radial shrinkage of 0.020 in., which was constant 


ifter normal air cooling, 


Fig. 15—Photograph of a Longitudinal Section Through the 3'/;-In. O.D. by '/;-In. Wall Sleeve, Wh 
Was Coated with Hard Surfacing Alloy by the Spiral Method 
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ind a description of e ol tl ewe! is in line 
with the subject thi I 
Most inte ent sur witl ithed 
part uc! drill bit ter bit 
ich surtact t 
bide pe of alloy re experi 
use ¢ crt thn ed tec 
wel etal 1 the tal 
l] I the carbide ert mre 
i hat ep twi ilter ‘ har 
relativel t] ed 1 ertai 
wel bet I 
mall hard particles unitor u he matrix 
of the deposit 
if | cast mitermitt it 1 CCE 
ry to deposit lv ave 1 tu te 
| carbide d, moreover, it e extent of 
dilution and eserve t ronerties of thi 
original material Phere h beet 
deve ed in which crush te 
carbide are firmly weld le surtace 
that has been heated to the sweatin: erature by the 
W EXC icetylene welding flame results 1 
| Fig. 16—-Photograph of a Section in the As-Welded Condition 
Through the 3'/,-In. O.D. Cylinder Which Was Coated with 
" Hard Surfacing Alloy by the Spiral Process 
ngth of the deposit, but otherwise no dimensional 
ge had occurred The second instance was ol 
hick-walled cylinder 2 in. in diameter and 1S in. long 
t surface coating was applied for the full length of thi 
linder without causing a perceptible off-center condi 
rT tion to develop. Undoubtedly, this freedom from warp 
results from the symmetrical temperature gradient 
that prevails during the coating operation. Figures 15 
16 illustrate the uniformity and high quality of the 
ited weld metal produced by this process 
We have several different methods, therefore, whereby 
r uriacing by the flame-welding process can be mechat 
tv wv ed to a rather high degree. Taken together, they 
url potentially encompass a good percentage of the parts 
which surfacing might be done These processes 
ire to a great extent automatic, and hence provide the 
i! many advantages of mechanized operations. Moreover 
ll operations that have been mechanized to date de 
manded. very high quality in the finished product not 
icate mly in regard to uniformity in chemical composition but 
t iso in freedom from porosity, smoothness of deposit, 
minimum of dilution with base metal and consistent 
niormity to dimensions \ll these have been met 


satistactorily by some one of these mechanized methods 


of the Welding Blowpipe and Dispenser 


Part II 


) tar in this article, emphasis has been placed on worl 


lying Granules of ingste! rbide 


the surface to be coated was continuous in at 
it dimension Such surfaces represent the bulk 
irlacing required for corrosion resistance, bearing 


nd the like. However, there is a very larg: 
Nh . iit of hard facing done on intermittent surfaces, but 
te no satisfactory fully mechanized method has bee: 
ped for this type of operation Che ditheulties ot 
development are obvious in light of the principles 
uthined earlier, but good progress has been made in plac 


type of hard surfacing on a semiautomatic basis, 
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the formation of a thin layer on which the granules may 
be either submerged or actually allowed to protrude 
above the surface. The conditions may be readily ad 
justed so that the deposit can be applied to thin or sharp 
edges or points without materially altering their contour 
or sharpness. 

The apparatus used for this type of surfacing 1s illus 
trated in Fig. 17. It consists of a blowpipe supplying 
mixed oxygen and acetylene to a standard single flame 
or special welding tip and a grain dispenser connected by 
flexible tubing or directly attached to the welding head. 
The special tip comprises a series of flame ports in an 
annular arrangement around a central passage that 
extends through the length of the tip. The number of 
ports varies from 3 to 12, depending on the size of the 
tip. The central passage in the tip is connected directly 
with the grain dispenser, which with the aid of a vibrator 
provides a controllable and uniform flow of granules 

The operation of the apparatus is relatively simple. 
On small parts such as coal bits, the area to be surfaced 
is brought rapidly to a sweating temperature and then 
the flow of the tungsten carbide granules isstarted. Ina 
few seconds a sufficient depth of surfacing material 1s built 
up and the operation may be stopped. If the workpiece 
is larger, the operation is started as described but the 
blowpipe is advanced in a slight weaving motion, build 
ing up the deposit to the desired height in one pass. In 
certain instances of heavy work some preheat is bene 
ficial as it permits more rapid advance and smoother 
deposits. 

As may be expected, the operator has considerable 
latitude in respect to the depth of deposit that may bi 
built up and in the proportion of base metal melted and 
mixed with the granules of tungsten carbide. By rapid 
advance of the blowpipe, a quite superficial deposit can 
be made, or by progressing more slowly or with higher 
gas flow, some base metal may be melted to form a 
smooth coating over the granules and thus embed them 
more securely in the body of the metal. 

This process has been used for the hard facing of a 
widely diversified group of workpieces exposed to severe 
wear, and very satisfactory performance has been ob- 
tained. A typical example is the hard facing of the cut 
ting edge of coal bits. Here the granules are applied 
superficially and are thus in the most favorable position 
to resist the scarifying action of coal and rock during 
cutting. Similar deposits are made for facing earth 
scraper blades, scarifier teeth and star rock bits. In 
other applications such as plowshares, hay-cutter blades, 
tank treads and sprocket teeth, it may be desirable to 
embed the granules so as to have a smooth finished sur- 
face. In such surfacing deposits, the granules of tung 
sten carbide are not visible. 

Additional advantages of the process are the economy 
in the use of the granules and the speed of application. 
For work such as scraper blades or hay-cutter blades, 
the surface may be coated at the rate of 35'/2 sq. in. per 
minute using fine-mesh (60 by 100) granules at the rate 
of 0.005 lb! per square inch of area coated. Coarse 
grains (24 by 36) are used at the rate of 0.01 Ib. per 
square inch. Because of this economical use of the tung- 
sten carbide granules and the rapidity with which the 
surfaces can be suitably coated this method of surfacing 
is very attractive for certain types of hard-facing opera 
tions. 


of the high nickel base Hastelloy alloys. Ha 
alloys are well known for their special corrosion resi 
and retention of high strength at elevated temper 
and they are used extensively throughout indust; 
especially severe corrosive conditions. Recently 
ever, Hastelloy alloy C has demonstrated rema: 
qualities of resistance to abrasion and spalling 
temperature and as a consequence it has found a1 
tional field of service as a hard-facing material. 
this new use of ‘this alloy which will be covered 
particular time. 

Hastelloy alloy C can be satisfactorily appli 
electric arc welding using either a coated cast rod 
composite rod in which some of the alloying ingr 
are included in the coating, or by the usual flame-w: 
technique. Hastelloy alloy C as deposited by 
process is relatively soft, having a Rockwell C hard 
of about 18. The deposited metal is, therefore, r 
machined by conventional machining methods an 
not require grinding as is necessary for hard alloy 
posits. However, the metal does not soften or | 
hardness at elevated temperatures. The alloy al 
a very high resistance to seizing or pin-point weld 
both low and high temperatures and hence is rel 
free from the fretting and galling types of wear 
acteristic of many other soft metals used for surfaci 


Fig. 18-—-Photographs of Punches Used for Hot Piercing 
Manufacture of 75-Mm. Shells 


No discussion of modern hard-facing methods would ¢,;),,, he 
be complete without a description of the use and value _ limited to about 500 operat 
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. The specimen at the left is shown after the application of H 


’ easily and yet be of exceptional value for facing hot- 
i working tools is of great importance in the fabrication 

of cavity dies. Such dies are intricate in shape and very 

{ difficult to grind; therefore, the use of hard-facing ma 
terial that must be ground to final dimension imposes a 

considerable handicap on the cavity die manutacturer. 

, However, machining of such cavit lies is a matter of 
! conventional equipment, and Hastelloy alloy C, there 
fore, has proved to be very satisfactory Many tests 

} have proved that excellent life 1 obtained from such 


ne ' cavity dies and this promises to be one of the largest 
Fic. 19—Photograph of a Punch and Die Used for Forging Bomb ; I 4 hale 
ied h Booster Caps and most important applications of Hastelloy alloy C 


surfacing material 
: Still another recent development is tl ipplication of 
these nickel base alloys to ub iarily to 
rrosion, where a surface layer f the corm 
ar re tant Hastelloy llo te ul 
re f cient to withstat the cor 
h ( ere ly 1 ] i! 
Shaft leeve iro 
lose it [hese qualities of softness and ease of machining might —chloric and sulphuric acids are 1 l. Hastell illoy 
J sem to imply poor aptitude of the alloy for wear B ves excellent service i tact h hvdrochloric 
service, but considerable experience ilread\ | nd itistactorv ¢ itins bye ] tained 
lat eh wn that the toughness and freedom from gallu by metallic arc welding wit fastel] llov B 
this alloy at high temperature very well fit it electrods For sulphuric acid. Hastell 
ci for the coating of the hot die type of work in which the bv flame welding is recomme1 
metal is subjected to repeated steep tempera é ting iftter machining, net 


lients combined with heavy rubbing weat Be thicl Another examplk 


the softne or toughness retained at working llovs is the faci f plu ) for ization wu 

perature, the Hastelloy alloy C deposited metal dor il refinerte Worn or corrod re recond 
ck or spall off like the hard alloy deposits \] tioned by the application of a lave f Hastell lloy B 
h a superficial sort of crazing develops early u rod applied either bv metallic az r fl veldins Che 
e, experience has shown that this does not progress throat and inside of the body and both the ting sur- 
he base metal or tend to separate the lepo it fror face and port of the plug ire ted 1 th to allow 
base metal. The surfacing material, therefore, --in. thickne f deposit after finish 1 ' Manv 
tively retains its machined smooth face and does not gate and globe valves also have beet 1 for longer 
scrapes or gouges in the surface of the formed part life by applying the proper Hastell 1] to the cor- 
Since the deposited metal is relatively soft, it has beeri roded areas [his process is adaptab! the reclama 


ichining usually should not be greater than ' for handling acids and str 
[his thickness of material gives ample protectior 
facing purposes and has the further advantage 
little base metal has to be machined away be Summary 


ry experience that the residual thickne f deposit tion or primarv manufacture of m tyne f equipment 


il examples of especially satisfactory applica [t is clear from the above discu that the modern 
1] shell pun hes and dr iwlil dt iW wel ing enginee! has if hi t h 1- 
r seamless boiler tubes, roller twist guides for hot — facir nd surfacing materials from v h to choose and 
t bar k, and hot shear bl Iw these t if 1 ‘ t] 
shown in Figs. 18 and 19. In one particular case ized method everal met fy iseful 
) 1 


diameter hot pierce punch 24 in. long was coated with several tvp« f hard-f 1] i at ] t one 

in. Of Hastelloy alloy C for a distance of 9 in new metho f hard { rib Chis 
the nose. After this had been machined to finisl method promises to be es iall Lit for 

100°, increase 1 production was obtained a mittent tvpe of surfact ¢ 

| pared with the former hard-faced deposit, which had te! rbide granule re serviceab] \ new surfacing 

een of the hard alloy type. In another typical installa uloy that 1 pplicable by either electri r flame 


; 


it hot shear blade, the average life of the blade weldin with unique propert I h lit ind 


ncreased from two days to five weeks by thx ipplie 1- excellent endurat I 
1 the Hastelloy alloy C surfacing material for surfacing part ubjected to sever 
€ tact that the Hastelloy alloy & can be mat hined be¢ n desc ribed 
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OF OXYGEN IN CYLINDER, 


How to Estimate the Volume of 


Oxygen in a Cylinder 


to the chart, a welding and cutting 
ily estimate the volume o 


to within 5 or 10 cu. ft 


TEMPERATURE DEG. F. 
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Welding and Cutting 
by the Seabees 


By Commander Kenneth C. Lovell, (C.E.C). U.S.N! 


ATTLES are spectacular but would not be possible 
but for the spade work of Industry and others 
The Seabees were organized to construct bases 

and keep equipment in repair for the fighting forces. 
Welding and cutting by the Seabees were used prin 
cipally for repairs. Where the repairs wert 
simple, all the work was undertaken by the Seabees, but 
where the damage was extensive, only enough first-aid 
repair was attempted to enable the shy 
its own steam to port for complete repairs. The tools 


to proceed under 


of welding and cutti used under trying conditions of 
i re 1 . 
VELbD! OCIET Ot r O45 
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weather and battle by relatively few men, were 
sible for saving many ships which otherwise wou 
make port 

One production job consisted of assembling p 
(pronounced Pon tune by the Navy 


Several exciting examples were cited 


down to conserve space. One unit of the Seab 


sisting of 418 men and 6 officers 


these pontoons in 18 months 


he 


completed 


se Po! toons Ww 


ful 


as barges, bridges, causeways, dry docks, et 


assembled together 

Acetylene was obtained from generators on the 

Oxygen was obtained from Att 
usually flown in 

Current w 
at first and later by usu 
to power electric motor-driven generators 

cult. Mi: 


1 1,44 
Phe Storing electrodes was 


Force stati 
Deisel-electri powe! 


tight boxe 


to be stored 1n 


bulbs t heat and keep the boxes drv because ol 


Under all the trying conditions, weldu 


} 
were very useful tools which enabled the Seab 


forn iracles a keep our figl g forces on t 

te] I Welding Ar Automati Wel 
& Mar. | Bl vol. 52,1 Ls } 

Troubl F.R. TI ell ind R i | ry 
vol LS, no. & (pept Dp O2 

Electri Welding, Ar Heharc Progr 1 
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no. 4 (Aug. 15, 1945), pp. 26-28, 78 

Electric Welding, Ari Modern Development At 


Mill & Factory, vol. 37, no. 1 (July 1945), pp. 14¢ 


O4 

Electric Welding, Ar All-Weld rire Mold 5 
Au 1045 p. 

Electric Weld Electro Ar Veldi Electro 
irp, l, vol i, no 
11%, 144 

Electric V Machi v Auto 

ri Ma 
Velder, C. H i [ 

104 pp. 1 

I ric \ i Machi i Fla 
Heavy Se ) | 

) Q 

Po \ 10 | i 

Loopel Wel 

ic V ling, Resista I 
\ la rson Ir \ vol 

Veldi f I] Co l 
P Pro ] t 
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( I out Po | 
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P. L. Pococl Co 1M 

and Fixture emiautomat Welding | 

Tis in I ) ld if 
tive & viat Industri no. ¢ t 

Locomoti M iufacture Fabricating Locomott 
W. H. Coch Weld: 1 vol (Aus 

Q ) 


Locomotive Manufacture Flame-Cut Locomotive 
R. M. Shaw Can 


Machy., vol. 56, no. 8 (Aug. 194: 
126 
Machinery, Maintenance ind Repair Metal |! 
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171-176 
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Adams Lecture—Selection of Steel for 


Welding 


By S. L. 


BVIOUSLY this discourse should start with a 
description of what it is that is being discussed. 


[It includes as the most important constituent 


that certain elusive something which is called ‘‘weld 
ability”’ but, since everyone agrees it cannot be truly 
defined, we will simply dispense with that. Actually, 


however, that is only part of what we are discussing and 
| prefer to say that we are talking about ‘‘welding qual 
ity what it is, how to get it, and what to do with it 
you have it. Weldability is something 
for fabrication, while welding quality is th 
needed for service, with emphasis on the 
a welded structurt 


ones you need 


at plus what is 
point that it 1s 
that is being used. ‘This 1s still a 
tricky question for the welding industry and is doubtless 
also one of the most important problems before the steel 
industry since welding has now become the major route 
by which steel reaches its ultimate market. 

This conviction that materials need our careful con- 
sideration led to my decision to discuss the ‘‘Selection of 
Steel for Welding’ in the 1945 Adams Lecture. It is 
perhaps unnecessary to point out that in honoring our 
distinguished honorary member and profound student of 
the welding sciences, Dr. Comfort A. Adams, this dis- 
cussion will be profaned as little as possible by references 
to economic aspects. 

Upon embarking on this discussion, I want to lay 
down a couple of premises. The first is that there is a 
certain community of interest between those who make 
and sell the steel, those who fabricate and sell the finished 
product, and the user who pays for it all. I would even 
go a little farther and say that the first two have an im 
plied obligation to the latter, and that all three have an 
obligation to the public when it is concerned with or al 
fected by the use. In other words, there is good reason 
for a common interest in welding quality. While I be 
lieve the spirit is willing enough on the whole, effective 
cooperation depends on a fine understanding of the facts. 

This brings us to the second premise which is that 
everyone should help de the pertinent facts and 
then be willing to along with the findings. The 
justification would be the assumption that the best in- 
terests of all would be served in the long run. 

These premises do not make the situation any easier, 
nor do they settle anything, but they do give a simpler 
and clearer basis for this discussion of the problem of 
securing steel for uses which involve welding in fabrica- 
tion. I think they serve another useful purpose, in that 
they put in its true light the emphasis that rightfully be 
longs on the facts. The ideal situation, a sort of Utopia, 
would one in which everyone concerned knew all 
that was needed to be known and also was capable of 
doing everything that needed to be done. Then the 
steel would have just the right composition; it would be 
made and processed in just the right way, the engineer 
would design in just the right way, the fabricator would 


lop 


ZO 


be 


* Battelle Memorial Institute 


Hoyt* 


do his job likewise with a minimum of scrap loss: 
the conditions of service would have been so fai 
predicted that nothing would happen to cause pre: 
failure of any part. Furthermore, the methods 
terials used would accomplish this in the most eco 
manner. Whether we ware of it or not, | 
the Utopia I have described is the goal for e 
plication. Differences of from lac! 
or from differences in interpretation 
This leads te 

in practice, though that may also come from Il 
in facilitie 


Opinion arise 
formation 


facts are inadequately known. 


I presume a third premise is also in order, an a 


tion (or admission) that metallurgical and wel 
gineers still don’t have all the facts and inf 
needed and, hence, that the most we should now « 


is a sort of smoothly running chaos. 


To develop the discussion which I have now out! 


I have selected certain examples which seem t 
bring out the major points; but as an introduct 
brief case history will be cited to introduce thes« 
ples in rather simple fashion. 

The introduction of a new line of stainless steel « 
ment gave an opportunity for the cooperation | 
mentioned. This equipment was all large and, if it 
made solid, the investment cost would be quit 
The answer was the use of light-gage stainless st 
tached to pl un steel plate s, with the sections wel 
the shop, or even erected in the field. It is know: 
steel may be affected by welding 
treatments of fabrication, depending 
pally on its composition and on other factors whi 
not so clearly 


stainless 
thermal 


ind 


This was where fact fi 
iluable, since it necessary to 
and process steel which would pass through fabri 
and still withstand highly variable corrosive con 
met in the field. Under such 
has to be adjustable to m: 


give a satisfactory 


understood. 


became very was 


conditions some 

ike everything integ1 
product. The principal fa 

handling this situation was the selection of the st 
heat if 

ability of the steel maker to deliver the right kt: 
stainless steel and in our ability to select the proper 
and fabricate them without sacrificing the desired 
acteristics. 


In 


necessary. 


one case, a certain amount of corrosion w 


pected and permitted and the problem was to kee; 


corrosion below an agreed upon rate. Here, too, 


came necessary to find out the facts that we need 


know. These covered the corrosion 
different heats or lots of the type of steel whic! 
selected, and the effects of welding and fabrication 
had to go in one direction to the steel maker and 
other to the user of the equipment, and then se« 
could fit ourselves in between. 


The experimental work on the crucial point had s! 
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Or 


yne heats came below the agreed-upon rate of ments on the low side and adding ike copper, 
and that others came above it. The situation phosphorus, chromium, et lution can 
‘ howe ver, that we did not have to de termine be achieved These element ite to strength 
ise of this variation—the steel mill agreed to per- and their dual effect is w rom 
to select heats for application on this order. the number of these steels on t umerous 
rst deliveries were definitely deficient, though the solutions have been found to t] 
nes all passed the acceptance test satisfactorily. Phosphorus, when used, 1s re of the 
sels were constructed and successfully passed steel composition and may ill infor- 
ervice. mation that all concerned l 
e examples are cited because they bring out the element has the highly desir ( of in 
ple of cooperation, or at least mutual attack on the proving both strength 1 corrosio ut wher 
, and also illustrate a procedure. Some may i little too much is used the ee] hnes 
hat these are exceptional cases because stainless weldability with disconcerti rther, th 
( relatively high priced. With expensive ma- also depends on the amount of On tl 
the producer can afford to take extra risks or account, a limit of 0.259% sho the 
rmit the selection of heats; the fabricator can justify muissible sum of carbon and t teel 
t of testing and experimentation which, possibly, should be made with care to « en if th 
" not be true for cheaper materials; the service best results are to be had ft If tl 
nditions are severe and the user is paying a high price amount of carbon and phosp! tribute 
equipment to handle them so that nothing less than sufficient strength for the int t 
h-grade job would be fair. With some of that I tional alloy is needed 
W | agree, but certainly not with the :mplication that Inn tioning phosphorus t vis! 
lat gathering of facts was justified simply because be understood as ggesting tl t be ed. 
we were handling a relatively high-priced material. Its virtues are sucl it its ] lly 
f that later, but as examples of the general prob explored, and I know no W engt 11) 
first cases are almost oversimplified Cheir ore easily than with carb rbon 
ue is that they are simple enough to show the broad likewise has a dual pers lit D1 Mr 
le of mutual interest in steel selection, and com Hyce ( es plent f tro. t er] 
e enough to bring out the importance of weld controll W hat more to the I believe, 1 
lity Their limitation is that they seem to indi that this example illustrates the t ti the rulk 
relatively simple treatment of the problem, of recent years. He who ti take 
that the selection of heats is a substitute for idvantage of effects that mean tr 
lve of basic information. not Thus, the rulk re of signifi e to t] r 
re instructive case is that of the so-called mild cator and user and, when ignored, unl py results ar 


iloy steels because the criteria of performances encountered in welding and u 
re complex and selecting heats is practiced les What I am getting around t that the user should 
A corollary that I emphasize is that basic knowl have an intel t est te t 
is more urgently needed as the tonnage steels are strength, du ty, toug 
ched resistance, fatigue, wear, et I I v they 
lhe term “‘low-alloy steel’’ (when used for this class are obtained metallurgically, and ther ist what 1 
t it should be pointed out) is usually restricted needed. Anything more is an « mic wast 1, in 
group ol proprietary steels which have vield my opinion, is not ¢ 1 busi ! ne Though 
gth of 50,000 psi., combined with good fabricating there cannot bi pecial stec 
ties, and enhanced corrosion resistance Logi bination of requirements, if t thi 
viewed, there seems to be no good re nforlimiting manufacturer what he needs and the ke n ions 
class of steels to one specific strength, and for the on what he does eed, 
rposes of this discussion a broader definition will be lurgical language that the st 
cover steels which rely mainly on alloy rather both parties will be more than re] tisfactory 
increased carbon content to secure strengths above steel periormanice. It seems that th ricat 
{ mild steel. In particular, this recognizes the users are taking t | ive t ituat 
e nickel, copper, manganese, silicon, molybdenum, that so vitally affects their interest In fact, tl 
im and vanadium steels. It also recognizes might profit by the example of early Italian audience 
whose yield strength comes between that of mild t theatrical perfor Lhe ver ¢ t 
el nd 50,000 psi passive. Of1 ne occasion, the play depict tyrant 
(he idea back of these steels is sound, especially in who, i n eal ene ' 
of the large use that is now made welding 1 command to use 1t at once on thi pl ou wilt 


ition Their potentialities for usefulness are standing in th cornet Lhe udiet 11711 1atel 


that they deserve most careful study, particularly protested this unseemly procec 
pphications which place emphasis on weight saving none of it until the actor step] rv nd re 
ce it 1s strength that is to be increased, a basic fea them that everythu W rite ) 
i the steel is 1ts composition. Whule it is techni was the performance permitted to « 
ible to strengthen steel by cold work or by heat \ licat that comes t { 
ent, the latter methods are not considered her nuld-alloy Phi 
than to recognize that an additional increment of have strength and stifle ne 
th can be secured with copper and molybdenum present factor. Welded constructiot ppeat 
teel by the stress-relieving treatment. In other words, ideally suited to this application and yet t perat 
iposition is selected which gives the steel the de- conditions are such that the quest: 
trength with low carbon and without too great a 1s bound to be vitally important 
re tion in weldability, ductility and toughness unples could be cited, but t ’ ' 
proved atmospheric corrosion resistance is also seems to be particularly pert t 
cessary for certain applications and this is als The hopper car can be mad y lighter 
eved via composition. By keeping undesirable ele made of steel with 50,000 psi. yield strengt ind quite 
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number have been made in the lightweight construction. We were well aware of that, particularly beca 
However, it so happens that if too much weight is taken virtues of this grade of steel had been describe: 
off, while the total loaded weight remains at the full various bulletins of Herty and associates. Or 
rated capacity, the regular brakes are too powerful for laboratory tests confirmed that fully for wel 
good operation when the car is running empty Unless and other characteristics. In the end, how 

a second brake is added, this light load sets a limit to could not justify the extra expense of this qualit 
the s L\Villg 1m We ight. In one case that I calculated, the as we would have welcomed its assistance in the 

maximum yield strength that could be usefully employed of our metallurgical problems. Consequent!] 
was 44,000 psi. In fact, 1t was a little below this but it situation called for a study of the requirements « 


might be useful to be able to strengthen, stiffen or thicken ing and fabrication and of the users of the « 


certain of the more vulnerable members. This raises At the start, we were ‘“‘fortunate’’ to have a 
the question of why should the railroads purchase steel rience which gave a clue to the great significance 
with a higher strength than they can economically use. making in controlling welding quality The ste 
One legitimate reason might be that they are purchasing basic open-hearth steel of standard commercial 
corrosion resistance, with the extra strength a by prod Some of 1t was made by a pl ictice which result 
uct. relatively homogeneous condition and with as cor 
While | promised to say as little as possible about a deoxidation as can be secured with about 1.35% 
; price, it is actually a most important factor in the selec- ganese plus the effects of the small amount of sil 
ia tion of steels and must usually be balanced against the semikilled steel Some of 1t was made by a dil 
requirements for welding quality. In most cases, if the though still commercial, process that resulted i1 
price 1s out of line, there will automatically be no weld heterogeneous and somewhat more oxidized « 
ing problem, at least for that particular steel. With which showed bands with oxidized inclusions in th 
the 44,000 psi. yield strength steel just mentioned, there a relatively frequent occurrence of high-phi 
will be a small extra cost for alloy, but this steel costs bands The latter ran as high as VU LlbY, ph sph 
less per 1000 psi. yield strength than either the cheaper one case. In the outbent fiber of a flash-welde 
muld steel or the stronger mild-alloy steel of 50,000 psi. this condition produces too great brittlenes 
yield strength and, hence, is in the most favorable situa both kinds of steel passed acceptance tests with 
tion to save both weight and cost. ficulty, we could not use the latter because it 
With the 50,000 psi. steels, there is an additional welding quality. 
quality factor which costs money and, hence, needs to The steel which was made properly for our appli 
be appraised—the ‘‘fine-grained’’ condition: in which proved to be quite satisfactory. At one time, 
if many, if not most, low-alloy steels are now made. The had had a large amount of experience with it, we di 
ig full aluminum killing which produces this fine-grained to make a thorough check of our earlier diagn 
condition contributes materially to desirable character- conclusions. For this, we followed five heats 
istics of the steel, such as improved weldability and low- tons each from the start of melting in the open he 
temperature toughness and, I suspect, corrosion resist through fabrication and final shop inspection. \ 
ance. On the other hand, this costs something (ac laboratory tests were also included to complet 


tually it is a material part of the price of the steel) and, data. For the purposes of comparison, it was wi 
; hence, the value of this investment should be appraised nate that these heats came so uniform and satisfact 
E for important applications. The railroads, for example, quality, but at least we had the assurance that w! 
made all of their earlier freight cars out of rimming certain melting practice was followed, we also obt 
steel; and I think it is a good question, when they good results in fabrication. Of the five heats, onl 
changed to higher strength steels why did they also gave evidence of being a little out of line with the other: 
switch to the more expensive, fully killed condition? ‘The melting data and slag records indicated that it wa 


In a typical case, that amounts to about $100 per car. a Slightly colder heat, and in fabrication it also m 
Of course, this discussion is not complete when cor-_ slightly poorer record than the others of the gi m 
rosion 1s neglected, but there is not sufficient time avail Too much emphasis should not be put on this, nor 01 


able to discuss it. That is a very complicated problem, slightly higher amount of iron oxide which this 
but it too should be studied to secure the data needed to showed on analysis, but it was in agreement wit! 


set up the requirements for car bodies. feeling that the condition of oxidation of the steel 
The selection of steel for welded oil well casing offers bearing on welding quality. 
a particularly good example of the points I am trying I have hastily gone over several years of work 01 


to make. Oil well casing which is used for the deeper problem of securing steel for welded casing. Actual 
holes must have adequate strength to resist the great we spent more time on this steel than we did on th 


pressures that tend to collapse it. At A. O. Smith _ stainless steel. Furthermore, with the practice set 
Corporation, where I was formerly employed, it was de- on a sound basis, it became possible to exploit thi: 
cided to manufacture casing by the process of Professor with confidence. One of the next things we decid 
y T. M. Jasper which utilizes cold compression to secure do was to check it for response to heat treatment 
4 the necessary resistance to collapse. liquid quench and draw. ‘This seemed like metallurg: 
This casing was made by flash welding and, conse- heresy, since it was inherently not the heat-tr 
quently, we had the problem of securing steel in com- type, but we knew this was a steel of excellent an 
mercial quantities which was of good weldability aifd form commercial quality. A large amount of labor 
which would stand the severe requirements of the ser- testing of many different heats showed what ku 
vice conditions. As one of the preliminaries, we soon response in heat treatment we could rely on and 
learned that we could not and ,should not use steel that seemed to make it possible to produce a still strong 
was too notch sensitive. Not-only did scrap losses in casing. It was subsequently found in production, wi! 
production increase sharply, but such steel could not a water quench and draw, that we had a highly vet 
~ pass our simulated service tests. We ultimately traced process which was capable of meeting the equally 
these difficulties to notch sensitivity as the factor which _ sified field conditions. This was achieved with 
was primarily responsible. tively simple steel when, and this is the point 
[It will doubtless occur to many that a fully killed, phasize — it was manufactured to suit our requiren 7 
: fine-grained steel would be ideal for this application. This experience brought out an additional point v 
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ip when welding lengths of casing at the hole. 
s done by arc welding and since smaller amounts 
nine elements were used not over (¢ 
7%, Mn) and strength was secured by cold work 
uid quench plus drawing) the better weldability 
eld welding that much easier. 
ly, the late war provided an application for thi 
how’ in the production of enormous tonnages of 
( led and heat-treated demolition bombs of the 
izes from 500 Ib. up joth the steel and the 
il ! tion pra tice successfully stood the test of large 


| continuous production. 

ise of this steel is cited to show what can be ac 
hed when the results of 
tc rching studies of the requirements of fabrication anc 
the steel 


| e 


long-continued an 


01 ef ire used to guide the manufacture of 
y// t is also cited to show how the fabricator and user 
i] enefit from the ability of the steel maker to produce 


teel which meets those requirements 
lo anyone interested in the selection of steel for weld 
the question of ship plate is bound to enjoy top 
llins Not only are the 
, the design, fabrication and m 
hor eavv welded structures, but there was als« 
welded ships that was not adequately u1 

onseq that lack of 

striking that one’s instinct to unravel the mystery 
ediately aroused. 


proble ms b isic 
iterials for 
somethin 


~ 


engineering 


thi S( of 


rstood 


understanding have 


uences ol 


Our immediate problem here, however, is not the 
lication road engineering problem of the welded ship, but the 
ilter ¥W re specific one of the steel and its relation to the prob 
deci lem of making a sound, reliable and seaworthy welded 


) i 
Ob. 10Uusly, the steel must be ductile for fabrica 


nd for safeguard against accident, and it must 
heart he strength that the engineer relies on in his de 
Var gn. We should also raise the question—what is r 
ete t ured in addition? 
infort According to a recent record which applied to about 
ctor 000 ships, in over 400 of them cracks had started at 
wl me focal point and then spread for some distance in a 
bt rittle manner; in five cases, this resulted in the com 
miy o1 lete parting of the ship. ‘These are the so-called brittk 
- others ships. The steel itself is a mild, open-hearth steel and 


due to lack of 
question arises 


that the failures were not 
strength or ductility. The 
i what were they due to? 

ront \ctually, this is a typical case of “‘brittle failure of 
is heat normally ductile steel’’ for which various causes might 
Kor the explanation there have arisen 
thought. According to the first, the 
tresses in the ship, of one kind or another, are relied on 
stress to break the steel 


t it wa tis known 


mac tensile 


vit] ur be responsible. 


} 1 
hoois ol 


on t nd, obviously, it took Phe 
ctual ther, more aware of the inherent nature and character- 
on the st [ steel, looks to the material itself as a likely weak 
set uf t in spite of its meeting the specifications satisfac 
his stet torily hese viewpoints will be discussed, particularly 
ded t point out what there is about steel that may be 
nt, of ritical and how the situation may be helped by attention 


lures to the selection of the steel] 
renthetically, this ship situation reminds me ol 
in rds ot the Emperor, seeking good advice 


the 


os Spare us thy words! Che time is pressi 

ere "his is no place for riddle-guessing.”’ 

ind FAUST 

sti 

yn, Wi lany of you know how seriously these sentiments have 
rersal een taken and that, suiting action to word, this ship 
y dive! roblem is being most carefully examined. 


Judging from published statements, great emphasis 

it | een placed on locked-up stresses in explanations of 
Pp failures. The fact of such residual stresses cannot 

t wh b€ doubted. It is common knowledge that welding 
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produces a band of metal on each side of the deposit 
which may be stretched even b 1 the eld point 
The stress system thus produced can bi led ‘“‘weld 
stresse nee they arise the 
are localized at the joint | 1 ( 
heving, the structure is left 1 { 
1 ll cle t statement 
the houl lest re 
tures The path fracture 1 é 
ugvest th LTesses 
to, the ri 1d re ( 
ir ITeSSIVE For all we ual 
press stresses 1 \ a erie tre Li 
ing effect 

Stucde its ol tre al ré thet re 
system which, wv e it result e] ¢ ructul 
for it location from t hese 
ire reaction stresses but the lav t Li 
or distribution seem not to be very well understood, at 
le t I iS mv 1 rimat ( It } we 
have been doing t Battelle tre thi 
hould be a worth-whiule fiel I t t ince the 
tresses can be surprising] 
could leave the shiy structurt le to the effect 
severe Set ce stressé 

(one objection to the use ol | | tr 
explain ship failures is that it leave the 
Lif So far, that is simply u t il] 
that 1s known, they may or tributed 
aepel pr I ipall their ) 1 
ternal stresses can be fa 1 not 
peening, etc., or they can be unt rable Our work at 
Battelle hows how necessary it 1s 1 tu the proble1 
1 ler tre led ( eTime! he 
eter ne the magnitucde tré 
H Cal Ww, Vil ut cl 
whether uch Stress¢ in sn re | I erie il 

This 1s not an argument ag st tresses a 
contributory causes of brittle ship failut it is rather a 
plea for the determination of the fact It ul ery 
well be that these stresses whe troll ight 
leave a ship 1n such a state that it ré t ip () 
the other hand, it might be possible for the welding 
engineer to use these stresses t { gthen the 
ship by controlling his welding s 

to al thet lactor \ rt ( eeds 
special emphasis, I believe it 1s correct to say that ship 
failures start at some sort {f d tinuity or stress 
raiser These stress raisers those 
which are inherent 1n the ce S1gT vf the hiy tructure as 
i whole, those which are due t lesion details ind ac 
cidental or incidental stress raisers Metallurgists have 
long been concerned wit er esent 
day ph hy would be . tre 
raisers wherever possible or ( i whe 
is therwise ed 
shi ruct the str { 
sh tructure sl ld be 
the streamlining of the hull 
water For the jun 
heer trake Col 

eC reatment t 
tions 

| ulures have | Starte CI 
do not show up the blueprint 
in the bulb angle which is welded 1 te 
the railing. Che history the elade 
us that all such focal point 
minimized and apparently « 
already been made in this directi 

While on the subject of stresses in the ship's structure 


a | 
<n 
~ 
{ 
if 
x 
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it seems worth while to consider the effect of cooling the 
superstructure and deck 
more or 


it times when the hull remains 
constant in temperature. The ‘“‘Sche 
nectady,’’ for example, had been at sea and certainly had 
been rather severely stressed Ii 
had left the ship in a dangerously 
ready to pop as it were, one 


less 


locked-up 


Stresses 
stressed condition, 
would « xpect that the neces- 


Sary increment would surely have been encountered. 
However, this ship broke when quietly moored at its 
dock. Was it not the shrinkage of the upper part of 


the ship in the cooling air that produced the necessary 
increment of stress? A relatively small temperature 
differential is known to produce high stresses, and when 
these are multiplied at the stress raisers, it is entirely 
possible that the breaking point could be exceeded. 
These ship failures have 
cold weather and that is 
In summer, the tendency 
upper 


occurred linantly in 
with the 
would be for 


structure to be compressive and 


predon 
consistant above. 
stresses in the 
therefore that 
much less likely to cause trouble since the hull structure 
is probably less vulnerable. 

One feature of the welded ship deserves special men 
tion—the mechanism which makes possible the transfer 
or flow of source to focal point of failure. 
This is provided by the so-called “rigidity’”’ of the struc- 
ture as a whole which : 
welding all the joints. Riveted joints are barriers to 
stress flow since they dissipate the stress by local dis- 
tortions or movement; the welded joint passes 
on and the ship acts as though cut from a solid block of 
steel. Instead of dissipating themselves, the 
build up and the steel has to take it. 

A chisel mark or defect in the rail of a riveted ship is 
relatively harmless because stress, arising at a distant 
point, scarcely reaches it. With a welded ship, the 
stress permeates even to such a minor focal point. This 
rigidity of the welded ship structure is not a properly 
assignable cause of failure, but is assuredly responsible 
for transmitting the stresses which do. Rigidity must 
accentuate both stress concentrations and three-dimen 
sional stresses and is advanced here as a cardinal feature 
of the problem of welded ships. 

Having briefly touched on the rigidity of the ship’s 
structure and the possible effects of locked-up stresses, 
I would point out that the metallurgist, looking at the 
same failed ships, is anything but content to rest at this 
point and admit that all pertinent factors have been 
considered and that the plan for necessary remedies is 
ready for proposal to the ship builders. I believe he is 
bound to feel that the statement thus far, and particu- 
larly the reliance on locked-up stresses, is an oversim- 
plification. Quite the contrary, he will wish to inquire 
into the characteristics of the steel which went into the 
ship since, after all, the material of which a structure is 
made must also be significant. There are indeed cer- 
tain features of this situation that make it advisable to 
pay close attention to the steel. 

It is known that the geometrical discontinuity, or 
stress effects, at a notch can produce a brittle failure in 
normally ductile steel. What is more to the point, it is 
also known that the same notch will give a brittle failure 
in one steel and a ductile failure in another, though the 
two steels are exact duplicates of each other in the ten 
sion test. Since the brittle ship failure is typical of the 
behavior of notch-brittle steel, it is quite in order to 
look into this aspect of the case." 

The steel itself is known not to be critically deficient 
in tensile strength and ductility since that was shown by 
tension tests of failed plates. On the basis that the 
locked-up stresses, geometry and service conditions were 
essentially uniform, it would be entirely possible that 
the failures happened to those ships which, by pure 


stress from 


is a necessary Co 


nsequerice ol 


stress 


Stresses 
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chance, were made of steel of the 
type. The circumstance that 
winter is in line witl 
steels become 


more not 
the failures oc 
1 this idea since it is kn 
notch brittle at low temperatu 
steels more so than others If one approaches t] 
lem with steel in mind, there its the strongest ; 
to assign this factor a major role. He would 
least tacitly, that truly tough plate 
withstood the cs that 


steel wi 


ndition 


caused the britt 


ures. The knowledge that about 2600 of thes: 
und makes such an assumption highly 
Before going that far, however, let us reme 
under certain severe conditions, all of th 
plate steels break brittle when notched It 


known that hot-rolled plate steels, irrespecti 
room-temperature toughness, 
some low temperatur 


notch br 
sO we may say that low t 
tures, if sufficiently | yw, equalize the notch beh 
steels which differ in notch toughness at hi 
tures. Might not this behavior be acce 
welded ship? ‘This question 
to ask than to answer, but 


ntelligently for large, 


become 


her t 


it 
tu 


before engineers Can 
rigid structures, the beha 
steel under such conditions must be studied. 

This notch brittleness is 
It has been discussed in our literature for a hall 
and both French 
for it. In a more practical way, it is much older 
that, for it was a decisive point in the early cor 
between Bessemer and open-hearth 
were being tried out for various applicatior 
them being ship plate. Bessemer plate and bat 
with no attention to toughness 
of breaking “‘treacherously”’ in fabrication, a1 
hearth steel won out. ‘This 1s all recorded in th 
numbers of the Journal of the Iron and 
Those failures were characterized by just one 
brittle fracture of normally ductile steel—and 
that occurs suddenly without warning, the steel 
deed treacherous. 

Ship plate is open-hearth steel. It may be n 
some that open-hearth steel varies in notch beh 
but tests show that to be true. It has been my « 
ence that strips 40 ft. long can split the full length 
being cold formed and that even a mild and du 
grade of soft steel will at times develop edge cracks 
a sheared edge is subsequently stretched in for 
With such steel, either an edge anneal or a millin; 
eliminates the splitting—notch-tough steel requi 
such edge treatment. 

Published accounts give little about the charact 
the steel in brittle ships, but it seems clear, from 
has been stated, that the steel was brittle in the C! 
test at about 20° F. That is sufficient to indicat: 
the particular steel was relatively notch brittle 
were possible to do so with precision and meanu 
would be interesting to compare that figure with : 
data for steels from sound ships that had seen ap; 
mately the same However, there can be 
doubt that the use of steel which remains notch 
down to lower temperatures would be more satis! 
for welded ships. 


characteristic of 


ind English engineers devel 


1 
steeis whit 


had a disconcert 


Service. 


3efore leaving the question of notch toughness, 
is another aspect of the problems of locked-up st 
and rigidity to consider. Since ships cannot be 
relieved, and we must count on rigidity, we shoul 
what property of steel it is that guards against | 
After all, a failure is a result of the play of two op, 
factors, only one of which is the applied stress. 
other is the resistance or strength of the mater 
have already shown that this strength property 
be the tensile strength, since that relates to ductile » 


DECEMBER 


| 
trot 
‘ 
ix 
ty 
| 
te 
4 
I 
i 
\ 
} 


vior. On the other hand, since we are dealing here _ steels, impacts do not alter the bel r of met until 
‘+h the brittle failure, it is the cohesive strength of the the velocity become uite hig r Graf 
' med metal. So if one advances locked-up showed that the steel of th Schen vas notch 
ctt plus service Stresses, as the cause of failure, the brittl it the ambient te mperatul li 
to complete that statement 1s to goon and say off at its dock, had qui tly become s1 tible to tl 
become great enough to overcome the cohesive effects of triple t le stro t 
th of the steel. On that account, I want to know ind tailed in a brittle manner 
cohesive strength 1s to see what provision has Upon concludit | : 
de to contain those disruptive stresses. After we electing steel , 
inaged by design, welding technique and cart int he condit wh , 
ition to minimize and equalize the stresses ean be stated follov 1; ' 
, both internal and external, then we should do residual in the ship. t 
t by providing steel with adequate cohesiv shit structur ‘ 
yhesive strength must be just as significant as a__ rigidity of the structur ry easurt r 
tard against the brittle failure of ductile steel as is streamlining the metry of t 
tensile strength or yield strength for the case of stress raisers, introducing benet @ ual str 
loading. It has the same significance as the ind applying ship plate 
erse modulus of rupture for the so-called brittle at least at critical loca 
terials. With ductile metals, a corresponding test ships failed, not on account of t ndit 
r cohesive strength is far less simple but, nevertheles nor even because the steel had a lov trength 
ually as important. In this connection, [can do but because the str it s e | 
tter than quote what I wrote in 1936—‘(The the cohesive strength of tl 
should realize that the integrity of his str Che suggestion to use notch 
service may, and frequently does, depend on a hick treneth. 1] 
which his tension test does not measur [ put it is thought th t would b 
the cohesive strength of the undeformed metal yse that kind of steel. Our « el 
ts ratio to the elastic limit’’ (Metals and Alloys, taught, I believe, that the re 
d ‘ oreater of 
Whether our approach to the solution of ship failures it is more a question of finding th I 
the stresses to which welded ships are subjected or ing practice and then adhering t 
the strength of the steel of which the ship is made, _ tion it has been known for year I 
ive strength is the property with which we will notch sensitivity as follows First would be Bessemer 
itely be concerned. Recognition of this situation steel (of the cor 1 Variety it the following 
places emphasis on notched-bar testing since that grades of open-hearth steel: rimm<¢ rious kind 
only procedure now known for approximating the semikilled, silicon killed, fine-grained aluminum-killed 
cohesive strength. These tests would be the steel. Austenitic steel is in a cl by itself and remat 
hed-tension type or the Charpy type and, when tough down to very low temperatur Phe semikille 
ealing with large structures, large-scale tests should be grade itself varies materially, depending on the manu 
cluded. Of course, with all the current interest in the facturing practice and structure, but when properly 
n ive strength, it is not too much to hope that we will made and deoxidized for notch toughness, I would ex 
i me day have a method for the direct measurement of pect it to show a good performance if the stress situati 
‘ens this property in the ship’s structure were handled proper: Che 
= Here I should like to note parenthetically how illogi- fine-grained type should be still better and might be 
e il it is to use tension test data to evaluate the strength worth the extra cost; the extent to which it could be 
i steel under triple tensile stresses and stress concentra- used economically would have to be determined 
‘ ns. Itis a basic principle that tests must develop the Since writing the above, I have received and read the 
me behavior and produce failures of the same type as_ 1944 Report of the Subcommittee on Hull Construction 
“ rvice. That 1s, the test must “‘correlate’’ with serv- of the AMERICAN WELDING Society, which is entitled 
Te In wear tests, corrosion tests, etc., that principle ‘Structural Failures in Welded Ship Constructior 
. is adhered to scrupulously and no one would accept the lhose of you who are familiar with that report may have 
Ag results if the test conditions did not parallel the service wondered if I did not read it first and then compose this 
: litions which were under study. Then, why usea _ section of the Adams Lecture, s r alike are they nu 
Ue n test, with its unidimensional stress, plastic de some particulars. Being a metallurgist, however, | 
tion and work hardening, to evaluate steel for feel that their report practically ignores the questi 
ice conditions which produce a cleavage fracture of steel quality Che paragraph on metallurgical considera 
virgin metal, with no deformation? Quite the con tions deals solely with weldabilit thing 
ry, the tests for evaluation must also produce brittl ibout the characteristics which the steel should have for 
. ture and the conditions must be ascertained which performing its engineering functi Ignoring steel 
| necessary to do that with the steel and geometrical characteristics and manufacturing practice 1 
| sions 1n question. to accepting the phil hy that ee] bi 
;. While still speaking parenthetically, a friend of mine day there 1s too much evidence to the contrary for 
‘ho helps build ships remarked that he couldn’t see simple assumptiot 
what Professor Graf’s “impact tests’ of steel from the { pon passing to the closure, I would say that oul 
i Schenectady” had to do with the failure, since the ship cess im handling engineering problet kepenas mice 
faijlur Was moored at its dock at the time. That was adhering and more on soul d al d searchi ippraisal worl 
to the false notion that the Charpy test shows the be Possibly it was something ot this ki the cynn il Mephis 
 . vior under impact and it is more to the point to say topheles had in mind when he soliloquize 
ri | that Professor Graf’s tests were “‘notched-bar’”’ tests 
which showed the susceptibility of the steel to brittle “How closely linked are Luck and Merit 
tile be lailure, Except for relatively rare velocity-sensitive Doth never to these fools occur.”’ 
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In this discussion of steel for welding, it may have oc 
curred to some that composition, parent metal cracking, 
porosity, Cte. have been ne¢ elected. An up-to date dis 
cussion of steel, weld rods, arc atmosphere, hydrogen, 
underbead cracking and all that would be a worthy sub 
ject for this lecture and I was sorely tempted to try just 
that. But as I thought it over, it seemed to me more 
timely to discuss the point that the steel you select for 
welding should also be studied for adaptability to other 
functions 

Take the case of the welded ship. That is a very 
simple steel, mild and ductile, and would pass any test 
for weldability, yet there remains the question whether 
we can make a good welded ship out of it. Welding does 
something that riveting does not do and raises the ques 
tion of the characteristics that steel needs for welded 
structures, and how to secure them. 

My first stainless steel example illustrates an easy 
way out when handed a tricky problem of selection. 
One simply uses only the material that passes a selected 
test. Coming to the lower-priced steels, it is not practi 
cal to use such simple technique, and more fundamental 
knowledge is needed. In spite of all the discussion of 
purchasing steel ‘‘to do the job” I do not believe a broad 
policy of that kind could survive for I don’t see how all 
the conditions can be that accurately forecast. Of 
course, a procurement policy of buying “‘properties’’ 
rather than ‘“‘chemical analysis,’ would be different, 
but that places emphasis on the necessity of knowing 
the properties that really count. In that case, the eng1- 
neer, with the aid of the metallurgist, let us hope, should 
make the decision and then the steel should be secured 
on that basis. If the steel maker concurs, the steel 
would then be made and processed to meet the tests 
which have been agreed upon. The catch is that an ac- 
ceptance test functions as a secondary standard. If 
such tests do not correctly reflect the service conditions, 
the steel maker should not be called to account. 

I presume one could say that standard specifications 
do what I have just described. I have just looked up 
the specifications for ship plate and find that they in 
sure tensile strength, yield strength, ductility, and low 
phosphorus and sulphur. They also eliminate Bessemer 
steel since only open-hearth and electric steel are ad- 
mitted. But why is Bessemer steel eliminated if not for 
what I have said, or fear of its notch sensitivity, and 
why is there then no provision against this condition in 
open-hearth steel? 

My interpretation would be that common Bessemer 
steel (and I exclude the fully ‘‘deoxidized’’ types) is 
simply too “‘treacherous’’ for some applications and the 
way to avoid it is to leave it out of the specifications. 
3ut rimmed and various semikilled open-hearth steels, 
which are permitted by the specification, also vary in 
notch sensitivity. For many applications, that is not 
important but with the rigidity of welded construction 
and the almost unavoidable presence of stress raisers, 
maybe it is important. Ii it is, this characteristic 
Should be taken into account when securing the steel. 
Whether it is or is not can come only from work on the 
particular application, so the correct statement at this 
stage is that it is important to find out. 

My point here is that it seems to me desirable to take 
stock of what welded construction calls for in steel, in 
stead of relying on experience with riveted structures or 
on practice developed for less exacting conditions. An 
experienced engineer once told me that the designer 
wants to know the condition, usually a stress, which sets 
the limit on his design. With a cable in tension, it is the 
tensile strength or proportional limit, depending on 
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one’s preference. A simple beam in flexure can 
treated about as simply and the same holds fo: 
structures. With triple tensile stresses, there is 
in that third dimension which opposes deforma 
that direction. 

Metallurgists, particularly research metallurgist 
studied metal behavior and metal properties 
years, and some of the findings should help u 
stand the response to three-dimensional stress 
Stress studies suggest that plastic yielding in met 
sults when the shearing stress reaches a value suffi 
cause relative movement at a slip plane and, 
that this shearing stress magnitude is a typical pr 
of the metal. In particular, it seems to be indep 
of the stress normal to the slip plane. It is al 
cated for certain stress systems that failure result 
the high level of axial stress before the resultant 
stress reaches the magnitude required to effect 
In this connection, it has been noted that littl 
permanent deformation occurs prior to rupture 


[his behavior has been explained by suggestins 
with particular multiaxial stress systems, ductile 1 


may fail owing to insufficient resistance to axial 
Chis has been taken to indicate that another char 
istic property of a material is ‘“‘cohesive strengt] 
Ludwig proposed. 

As the stress « hanges from uniaxial to bi- and tri 
the axial stress must be increased to higher and 
values to provide the shear stress that initiates 
deformation. ‘Thus this change im the stres 
makes greater and greater demands on the col 
strength to support plastic flow. This shows wl 
different steels with the same tensile properties, but 
different cohesive strengths, act the same in simp] 


sion but differently under multiaxial loadu 
steels have adequate cohesive strength for the I 
quirements of the tension test, but one of them tf 
meet the more severe requirement of the more co1 
loading. It also shows why two different steel 
precisely the same tensile properties can behav: 
ferently when notched. The ‘tough’ one still 
high enough cohesive strength to support defor: 
at the notch while the “brittle’’ one does not and br 
in a brittle manner. 

On the other hand, outside of the proportional 
the tension test relates to plastic behavior of the 
The tensile strength, in spite of its utility in appra 
metals for many engineering structures and for accept 
ance tests, is not a property of the virgin or undeton 
metal. In fact, it is not even a property; itis a ‘‘str 
value”’ of cold-worked metal since the ductile meta 
form appreciably before the maximum load 1s r 
This means that the tensile strength can have no 
cance for the case of the brittle fracture. The 
cohesive strength takes its place as the property 
limits the stress. 

Cohesive strength and the problem of notch 
ness are easy to understand, at least in principle, 
have discussed them in greater detail in the Sym 
on Impact Testing of the American Society for | 
Materials in 1938. At the point where the ratio 
ixial or normal stress to shear stress ‘‘matches’’ thi 
of cohesive strength to resistance to slip, the steel cl 
from ductile to brittle behavior. With steels of r 
ably constant yield strength it follows that the s« 
of the notch effect required to produce a brittle bre 
ductile steel is dependent on the cohesive str 
Conversely, by ascertaining where this ‘‘match 
comes for a given steel, one gains an idea of the 
cohesive strength. This is a very simple picture, 
is a faithful representation of what seems to be go! 
in steel. Difficulties have arisen in attempts to m 
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een to show how important 
ticularly, how its characteristics may aid or hinder 


strength, the property, but we are not con 
with that here. 

id to think of cohesive strength as property 
kes steel tough when notched (notch toughnes 


ve attempted to show here that it is that sam 


that a large and rigid welded structure needs 
ivainst brittle fractures. Chat pose quite a 
| problem for both producer and consumer, but 


rience gained over the years in notched-bar test 
either the flexural type or the tension type, should 


lirectly applicable, particularly 1f full-scale tests are 


ted. I believe the philosophy of the metallurgist 
sum! ed up 1n the words ol Homunculus, Spe aking Lo 


istophele 


Hast thou a method, let it tested be 
But hast thou none, so leave the case to me 


FAu 


S1 


question of the selection of steel for welding | 
ve discussed from the viewpoint of the metallurgist, 
one who is concerned with the metallurgical 
and materials. My object 
the steel its 


[his 


A 


pha 


design, fabrication 


successful application. Today, the engineering us¢ 
steel has become so complicated that one cannot satis 
factorily solve the problem of material simply by placing 


. book of data, even the best of them. 


the de 


ne which says 
tis to meet its obligations in the best way 


rades oO} 


pecification number on a blueprint or by reference to 
With lightweight 
mstruction, welding, stepped-up service conditions and 
mand for improved performance, new rules are be 

I know of none more important than the 
that the material must be made right if 


written. 


This reminds me of a visit I once paid to the chiet 
etallurgist of a steel company that made a number of 
steel for us. For our discussion, he brought 


ut a big loose-leaf book that contained all the detailed 


tructions for making and rolling the steels and the 
mtrols that he had set up to insure our getting what we 


eded Chis book was written in metallurgical lang 
ige, and we had helped him write it However, our 
rds were somewhat different from his and we went in 
lor such things as forming properties, spring back and 


mensions, welding quality, macro- and microstructure, 
“gn inclusions and their identification, inspection 
i test methods, strength, ductility and notch tough 


hess, lracture types, causes of rejection in fabrication, 

perlormance in the field In his book, the words 
hanged into such items as the scrap to be used, slag 
44 
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control, rate of boiling, temperatures, deoxidation p1 
tice, pouring temperature oaking tice, rolling 
temperatures, hot-bed practice controls, et 
A book like that take time to writs i ub 
ject to revisio1 it thes ct 
mill must have technically train el el wit li 
ties and instrument for the rol 
our steel industr ibreast ol osit 
to meet reaso! le de nds ¢ it { 
uggest adding to the difficultie te 
but. 1 t¢ ite ) ter t] 
rect manutacturi tice 1 ( Will 
benefit by higher ¢ 1 

Phe t ol we 
nas made 1eW Po one thie 
ful operation The uat ‘ 
happen simply by changing a fab ethor 
the other two phase le f \ 
iffected, though I believe we ( rt 
For example, I belie there r bot 
the t4 OOO psi steel he { For 
some parts we might go to 60,006 eel, or to thi 
(0,000 psi. steel that was used 1n 1 vile rdnance, or 
even to fully heat-treated steels, w h are relatively 1 
sensitive to low-temperature brittlk Whether é 
steels would be made semiukilled, silicon killed or fully 
killed would depend on the appli hese points 
ire highly important for large t« licats ind 
should be investigated in adva oO! tures like 
bridges that are still largely nvete 

Che fabricator and user are powerl to go bevond 
the possibilities that are inherent in the eel with which 
they are provided [t for that reason that the steel 
maker has such a vit role to é tally in the 
field of welded fabrication It4 ilso a ditheult role, but 
if he has full knowledge of what is ri required for the 

irious applicatior he can be looked to hok hi 
end 

Far less publicized is the metal scientist vorking 
within the confines of his laboratory, but forever extend 
ing our knowledge of the metal ry} er, fabricator 
ind user of steel all use thi wile ‘ creauol ol 
technology that increase our comfort lir ex 
perience, ease our burdens and make this interlude the 
more tolerable. How truly Goethe ] poken for me 
through his Mephistopheles to show how we must be 
masters as well as slaves of those creat 

How dependent we are, after al 
On creatures we ourselves have made 
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AMERICAN WELDING SOCIETY 


ACTIVITIES 


RELATED EVENT 


BOARD OF DIRECTORS MEETING 


he meeting of the Board of Directors 
of the AMERICAN WELDING held 
in Hotel Pennsylvania, New York, 
on October 18, 1945, was 


by President Hess at 3 


called to order 
P.M. with the 
following present 


Memb« 


A. Adams, David Arnott, 
R.W 


Clark, F. W. Davis, J. H. Dx ppeler, 
O. B. J. Fraser, H. O. Hill, C. H. Jennin 
R. E. McFarland, H. W. Pierce 
Priest, G. N. Sic ger, S. Swan, W.G 
Singer, R. D. Thomas, A. C 
Guests: E. V David, H. W Lawson 
Staff: W. Spraragen, M. M. Kelly. S. A 
Greenberg 


Intr Muction of Officer in 1 Direc for 
ing I 


Hess called the roll of newly 
and directors 


Before opening the meeting, President 


elected officer 


Appr 


Upon I i 
the Board of Directors held in New Y 


1 in Y ork 
on September 13, 1945, were approved a 
circulated 

A ppointment 

Upon motion, duly second d, it was voted 


that M. M. Kelly be re-elected Secretary 
and Assistant Treasurer of thi SOCIET’ 


for the administrative year, con 


mmencing 
October 18S, 1945 
Committee 
A list of Committee Personnel recom 
mended by President Hi was distributed 
at the meeting. Personnel a approved 
will be reproduced in the Year Bool 
ldmi ( In oO ectio 


with the appointment of the Com: itt 


on Admissions, question was raised o 
whether thi ommitt hould conti 
to perform in a perfunctory inner 


operate a ed by the By-Law 

Point was made that 
quirements at the present time are not 
rigid enough to require the committ: 
meet regularly and pass on applic 
After discussion, upon motion, du 
onded, it was voted that the Pre ident | 
authorized to appoint a special committe: 
to make a study of present grades atjd re 
quirements of membership in the AMER 
CAN WELDING Society, with a view 
determining the feasibility of rai ing the 
qualifications of the member grade in lin: 
with that of the other maior engineering 
societies 


, and offering recommendations 


thereon to the Board of Directors 


= ; Western R. E 
Officers De nated { n Check Vote : 


Participation in the tboned 1945 and 
the 1946 National 


Exposition 


Suggestion wa 


mittee 


made that this com chairman of the Convention Co; ies 


compo ed of 3 past presidents etting forth the views of the M 


in addition to the chairmen of the Mem ture Program and Conventi 
bership, Finance and Admi sions Com- mittee members, aroused a le: 
mittees cussion 


On recommendation of Mr R D After due deliberation and 


Thomas, Chairman of Special Committee terest of the A.W.S. members! 1 
on Membership Application Forms, it was it was voted that our Society par 
voted that the Special Committee on in only one National Metal | 
Membership Application Forms be dj 346, the October 1946 ¢ «po 
charged ongress in Chicago being the on 
Note: In accordance with action taken providing suitable hotel accommo 
at meeting of Board of Directors held in can be obtained for public meet 


New York on September 13th, further and sleeping room 


to hou 
. \ no hy 
activity on membership application form Meeting of the A.W.S in Ob 


will be handled by the Committee on 


eck of October 21, 1946, 
Constitution and By-Law 
recommendation of the Presj 
voted that Mr. R. A. W int, 
Rensselaer Polytechni 
Professor on 
Committes 

It was reported that the other pecial 
o be retained until compk 


dent, it was 
Institute, replacs 


the Welding Handbook 


committees t BOARD OF DIRECTORS 1945-46 
AMERICAN WELDING SOCIETY 


tion of their work ire Committers on 


ig manent Fund President, W. F. He Head of 
The special committee on Recom Lab., Rensselaer Polytechnic |] 
mended Procedure for Publishing Educ rroy, N. Y 


tional Manuscripts in book form 


charged on recommendation of the chair Chief Engineer, Fabricated 
man of this committee, in view of the truction, Bethlehem Steel Cy 


fact that thi 
by the 


work will now he handled 

full-time Editor of the Weldino = 
econd Vice-President, 

Handbook and other educational book . 

Pres. & Genl. Mer 

troit, Mich 


G. N 
oM.S. C 
On recommendation of Professor H: 

the special committee on AWS Organiza- 


‘ District Vice-P 
tion with the 


cope was approved York & ew England . F. W 
Hill, David Arnott. Metallurgist, B. sadger & 

Weigel, O. B. 7 joston, Mass. No. 2 (Mid-] 


Personnel —H. O 


J. F. Lincoln, A. C 


Fraser, R. W. Clark, H. W. Pierce, H. C W. G. Theisinger, Asst. to Vi 
Boardman, H. M. Priest and G. N. Si Fey Lukens Steel Co., Coat ville, Pa 
pe—To study A.W.S. organization Souther Sydney Swan, 
ith a view to considering whether any American Bureau of Shipping, Pa 
hange it organization 1s desired Mi No. 4 (Central B.L. Wi 


Mer. Welder Div 
Welder Co., Warren 
Me Farland, ] 
ind the Like of Behalf of the Sncieta Western Electric Co., Inc.. Chi 
No. 6 (Mid-Southern): M. A 


Federal Ma 
Ohio No 


Upo motio duly econded. it wa I ngineer, Beech Aircraft Corp., W 
voted that the Treasurer and Assistant Kan No. 7 (Western i. ¥ 
Ire isuret ind in t he ib eTICE of either, nl We tern Pipe & teel 
the Pre ident he cde ig? ited to k a Calif | OSs Ang le s, Calif 
note and other dco uments of this nature 


Trea urer,O. B 


J. Fraser, Dir. of 
eervice on Mill Products, The | 
New York, N. 

Honorary Director, C. A. Adar 
sulting Engr., E.G. Budd Mfg. Co 
delphia, Pa 


n behalf of the Socretry 


mal Nickel Co., 


Vetal Congress and 


Report rendered by Mr. E. V. David, 


Continued on page 1192 
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by installation of modern 
projection welders 
with ELECTRONIC CONTROL 


@ Production of automobile shock absorbers by the Gabriel 
Company (Cleveland) has increased from 225 to 300 
assemblies an hour. The new welders, which replace man- 
vally operated machines, are equipped with a G-E electronic 
weld timer and ignitron contactor. 


With this new equipment, weld 


lin I. J. Sar 

ess I 

nd te 

essi q | 
mp ) 6 


Here's What the Electronic 
Five shock absorber assemblies are produced ever 4 . 
1546 Weld Timer Offers YOU 
minute at the Gabriel Company, Cleveland, by this 
TIRTV 
hit projection welder, which is equipped with a com 4 : zw tic ti 
minc 
bination of G-E weld timer and ignitron contactor. | 
{ill 
2. Safe operation—a stur 
lead{front t t 
Four Important Advantages of s 
| the Ignitron Contactor 3. Easy inspection—because the 
, 1. High-speed operation— control panel is hinged, it is easily 
7 because there are no moving accessible for inspectior 
to parts, its speed of operat n 1s 
a limited only by the contr 4. Quick adjustment—' l is 
switch setting. conveniently ted the n 
2. Low maintenance—millions of operations can be mad se 
Wi bel servicing is required. 
la de 3. Plug-in relay—contactor can be used on various contr 
p tages merely by plugging in the correct relay. 
4. Silent operation—this electronic switch is completely noise 
» @ Need More Information ? 
teel Our engineers will be glad to help you select exactly the right : ‘ 
eld timer and ignitron contactor for your application. Simply 
ir. 0 Re n touch with the nearest G-E office. Apparatus Depft., RESISTANCE-WELDING CONTROL 
e | General Electric Company, Schenectady 5, N. Y. 
Keep on buying BONDS—and keep al! you buy 
lat 
Ce 
| GENERAL & ELECTRIC 
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(Continued from page 1188 

Directors-at-Large: (Term Expires 
1946)—H. W. Pierce, New York Ship 
building Corp., Camden, N. J.; E. R 
Seabloom, Crane Co., Chicago, Ill.; K. V 
King Standard Oil Co. of Calif., San 
Francisco, Calif.; J. H. Deppeler, Metal & 
Thermit Corp., New York, N. Y.; K. L 
Hansen,* Harnischfeger Corp., Milwau- 
kee, Wis Term Expires 1947 R. W 
Clark, General Electric Co., Schenectady, 
N. Y.; L. W. Delhi, Western Pipe & Steel 
Co., San Francisco, Calif.; J. F. Lincoln, 
The Lincoln Electric Co., Cleveland, Ohio 
H. M. Priest, U. S. Steel Corp. Subs 
Pittsburgh, Pa.; D. Arnott,* American 
Bureau of Shipping, New York, N. Y 


Term Expires 1948)—C. H. Jennings, 
Westinghouse Electric Corp., E. Pitts 
burgh, Pa.; A. B. Kinzel, Union Carbide 


& Carbon Res. Labs., Inc., New York, 
Nee C. M. Underwood, Northern 
Ordnance Co., Minneapolis, Minn.; R. D 
Thomas, Arcos Corp., Philadelphia, Pa 

A. C. Weigel,* Combustion 
Co., Inc., New York, N. Y 


Engineering 


* Junior Past-Presidents 


THE BEND TEST 


The Society's Committee on Standard 
Tests for Welds has just completed 
study of a standardized procedure for the 
Tee-Bend Test This test has bet 


use for some time as a means for measuring 


the angle of bend and type of fracture of a 
welded specimen as indications of the 


comparative welding quality of the stegl 
used. By adoption of a _ standardized 


proc edure, It is hoped that d 


ita obt Lined 
from various sources can be directly cor 
related 


The Tee-Bend Test ha 


four-page folder, and is available on rt 


been printed in a 


quest to those having copies of the “Stand 
ard Methods for Mechanical Testing of 
Welds,”’ into which the folder may be 
inserted Address requests to American 
Welding Society, 33 W. 39th 5St Nev 
York 18, N. Y 


BELGIAN ENGINEERS ATTEND ANNUAL 
MEETING 


Messi R. A. Nihoul, Manager of 


Centre Belgo-Luxembourgeois d’Infor 
mation de l'’Acier, also Member of the 
Board of Directo f the Institut Belg 
la Soudur ind W. Soete, Engi 
Chiet f Rese h Depa t ! th 
Be gia We it 
t by th gian Gove tonat 
irch ISS1 to the Un Stat 
| f the AMERICA WELDI 
SOCIET velco them a i ply M 
thoul, hear f the technical 
110 
1 ask your forgivene for addressing 
you in French, but | am doing that out of 


respect for your beautiful languag« 


We are very glad to be present at the 


meeting of the AMERICAN WELDING 
Socrety, whose work we have followes 
for many years with great interest Dur 


ing the last five years we have 
not been able to hear anything { 
United States, but we 

that your SOCIETY was doing 
during that tim In fact, t 
progress tl the | nited Stat 
greater than we thought 
doubtedly to this remarkabk 


the Belgian people owe their 


In this effort welding play 

nificent part, without weldi 
ot have been such a rapi 

ti f Liberty Shiy und 
idmire and thank not only 
Army h rican In 
ticularly th AMERICA Wi 
CIETY 


BOUND VOLUME JOURNAI 


The AMERICAN WELDING 


made arrangements for n 
ha\ ir Journals for 1 
il i \ lack cloth coy 
) of he vely 
R I Lon iny 
and Ki htl \ 
\ \t ] 
pr il 
$2./0 | VO pro 
] J AL are sent to the 
) irv 15 
ved after tl! lat 
tl dtr J i] 
retur DO i] 
g | g 
from t ~ \ 


DOES IT COST 


YOU TO HANDLE CYLINDERS? 


@ Every pair of cylinders that “run-out” in your 

shop increases your overhead — because the time needed 
to get full cylinders... to switch regulators . . . and to 
make pressure and flame adjustments is not productive. 


You can eliminate all excessive cylinder 
handling costs with a RegO manifold . .. and get other 
advantages too! Write for full details now. 


THE WELDING JOURNAL 


4241 Peterson Ave. 


Pioneers and Leaders in Equipment for Using 
and Controlling High Pressure Gases 


Chicago 30, III. 


DECEMBER 


Soc! 
4 4 . 
| 
| 
RESO} 
I 
: 


AO Safety Clothing is designed to 
give your workers maximum protec- 
tion from head to foot. As a result 


of expert designing, they are comfort- 


Provides Your Workers able to wear. High quality materials 
, P and sturdy construction insure long, 
With Complete Protection 


trouble-free service under even the 
severest working conditions 
The AO Safety Clothing line includes 


overalls, pants, chaps, aprons, jackets, 


coats, sleeves, gloves, mittens and 


spats. Phone or write your nearest 
AO Branch Office for complete 


information. 


n your 
reeded 
and to 


uctive. 


vlinder 


t other AO Short Jacket AO Welder’s 
No. 203 CL Gloves No.5 x 143 
Is now. 
D, 


COMPANY 
SOUTHBRIDGE, MASSACHUSETTS 
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NEW YORK SECTION, AMERICAN Hess, Incoming National President; H Atomic Energy included a demo 

WELDING SOCIETY TWENTY-FIFTH C. Boardman, Honorary Member, Na of actual release of atomic ener; 
ANNIVERSARY DINNER tional Society; J. H. Deppeler, Honorary some of the original apparatus w 
Member, National Society; F. W. Davis, he succeeded in splitting the 

Dr. J. W. Barker Guest of Honor—Dx. ] Incoming Vice-President, New York and atom in 1939 1n his laboratory at ( 


R. Dunning Guest Speaker on Ato New England Dtstrict G. Schneider, University his experiment j 
i »g aker mic 


Chairman, Tickets and Reservations very basis upon which subseg 
Energy The program of the evening included velopments were made in the pr 
the following of the atomic bomb Dr. Dunning ' -_ 
The Twenty-fifth Anniversary Dinner : . a very important part in this out 
of the New York Section of the AMERICAN . tional Anthem, Or ar an and Audience scientific accomplishment His in 
WELDING Society held at the Hotel General ‘Charman a a, genius helped to solve many of D 
Pennsylvania on October 18th was at E V. Davip pressing problems that were 
tended by close to 700 members of th Call to order and ntroduc tion of Char atin tans teen ta ccanenlanen elt 4 
Society, their wives and guest man of the Ne " York aataaao and their guests followed the di 
Practically all of the national officers, Chairman, a York Section, A.W.S., Atomic Energy with keen inter: } 
section chairmen and members who were H 9 KLINKE , cognizant of the great privilege o 
at the National Convention during the History os tm New York Section : ing at first hand knowledge of 
day attended the dinner with their wives Vutgomg National President, A.W.S., tartling ientif development 
Many sections were well represented, but A. © se time 
most outstanding was the large delegation History of thi National socsery The New York Section 
from the New Tersey Section on ing President 4 
The guest table included the following ™M ENDELL F. HEss : guided its affairs during the 
E. V. David, General Chairman, Dinner * five years, as well as to the Nat 
Committee; F. C. Fyke, Outgoing Vice Preset ation of Past Officer aergndate~- _ retary, Miss Margaret M. Kelly 
President, New York and New England u Dr. Darker, — ES KANDEL, — William Spraragen, Editor of 
District; K. L. Walker, Chairman, New man, Program aad Serangements, Ep JouRNAL and Director of 
Jersey Section; S. L. Hoyt, 1945 Adam CALAIS OF NoMeNt Speeaes Research Council of th | 
Le turer: D.S. Jacobus, Honorary Mer Jos PH W. BARKER Foundatior tor their untiring 
ber, National Society; A. C. Weigel, Out ne Lee behalf of the New York Sectio 
going National President; C. A. Adam Further investigation of 
Founder and Honorary Member, National of th Jew York ectio1 
Society; H. O. Klinke, Chairman, New y Vom Steeg has the distu 
York Section; J. R. Dunning, Guest itomic Energy JOHN R. Di — been a member of the | 
Speaker, Director of a D ion of War “4 3 : wre = = mittee of the Yo 
Research, Columbia University W ously for the pa twenty 
Barker, Dean, School of Engineering, aber read =" Kellex Cor record not equaled by any 
Columbia University; C. Kandel, Chair - The dinner was follow 
nan, Prog i Arrang ) Du ig i ion of until irly ho f the 
IN THE RED DRUM 
EFFICIENT 
ECONOMICAL 
DEPENDABLE 
FOR WELDIN 
O E NG and CUTTING 
Use National Carbide in the Red Drum 
Write us for information as to nearest available stock 
60 E. 42nd St. NATIONAL CARBIDE CORPORATION New York, N. Y. | 
| 
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1. 


heat wit 


hine’s range: 
lass- 
or allc 
d automatic response { 
oviaes 


s of work — downhand. 


e th bare or © 


head — W" re regulation 
e 


with + heat settings- 

nces of error } - Yes for downricht sim 13 eehtes for eas 
jiminates cha tor ¢raining easy 

i 
lig sier — cuts opera operation . . . for better welding results 
welding for thrifty operatio1 this P&H ma- 
5 Makes I Ivy peration (nis 1 l¢ 
time- chine is in a class by itself! Feature for 


r welding results: feature, it's your best buy —for day in, 


ette 
5. Assures b year out faithful service 


elding costs. 


7. Cuts 


etting- WSR (Welding Service Range) ratings 


ick 
ne qu) 
which tell the exact amount of usable 


g. Saves 
° welding current — from minimum to maxi- 
mum capacity. “Visi-matic” calibration 

enables you to select instantly the correct 
current for each of the three clases of 


electrodes, 


Get all of the facts. 
Write for complete information! 


Also ask for booklet describing the com 
plete line of P&H Welding Electrodes 
including sizes and types for all require 
ments; fabricating, repair-welding, build 
ing up and hard-surfacing. 


ARC WELDERS 


11 West National Avenue 
Milwaukee 14, Wisconsin 


P&H Model WA-200 
Arc Welder 
30-285 Amperes 
Capacity 


dC AC WELDING WELDING WELDING PRODUCTION ELECTR ECT 
———— WELDERS WELDERS ELECTRODES POSITIONERS CONTROL SYSTEMS HOISTS 
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A COMPLETE ARC WELDING SERVICE @ WRITE FOR BULLETIN R?7-3 ; 

EMBER 


OXYACETYLENE PROCESSES IN STEEL WORLD WAR II VETERANS RECEIVE Veterans of World War II ray 
FOUNDRIES WELDING TRAINING UNDER G.I. BILL been discharged or released fri 
OF RIGHTS service under conditions other 
honorable are eligible for this 
A completely revised edition of Airco's Hobart Trade School, Inc., Troy, Ohio, under the G.I. Bill of Right: :. 
popular New and Improved Oxyacetylene conducted by The Hobart Brothers Co., Government pays tuition fe D 
Methods for Steel Foundries is now being are now enrolling Veterans of World War ing allowance while student is in 
distributed by Air Reduction, New York II in a specialized welding and metal Students may enroll for the enti: : 
City working training course which has been of 16 weeks or select any shorter 
This 30-page illustrated booklet con approved by the Veterans Administra training of his own choosing. 
tains descriptive information concerning tion to train discharged soldiers under the Applications for training und the 
the Airco-developed oxyacety ene proc G.I. Bill of Rights G.1. Bill of Rights may be secured t i 
esses which are now speeding production The new training course covers a period any Veterans Administration Fj 
and reducing costs in steel foundri of 16 weeks totaling 640 hours of individ or from the Hobart Trade Scho 
throughout the country tual instruction in the following subjects: Troy, Ohio 
The booklet demonstrates the advan arc and acetylene welding, special alloy 
, metals welding, carbon arc welding, hard 


tages of machine flame cutting in the re 
ng and tool welding, metallizing wi 
moval of risers, gates and sprues. It also facing and tool 5» 5 th 


describes three other fast and economical the metal spray gun, resistance welding, BULLETIN ON PORTABLE A.-C, TEST 


oxyacetylene applications developed and of \ — SETS 
. . with on a, stt gull Ww ling 
perfected by Airco: flame scarfing to re = elding, 
nd the heliarc method of welding mag 
move padding left where risers have been and the heliare mi ‘h «l of welding mag A new, 24-pag bulle tin, containing 
nesium and other light weight metals data and descriptive informatior t} 


removed, flame gouging for the removal of 


nmees ndividuall netri nnolete li of 1 hle tees 
webs, fins and defects, and flame descaling Prain are individually instructed “i complete line of portable, a.- t 
. expert ong-exper operators w or POOO 150.000 4 
of normalized and annealed castings pert, lo g-experienced op itors who from 2 to 15 0 v., ha ’ 
I tditi ; : ; are good instructors as well, all of whom nounced by the General Electric Co 
n addition, several sections are devotec 
are under the direction of Robert Bert Schenectady, N. ¥ This attractiv: 
to the expanded use of oxygen lancing to ' : . 
: : caw, veteran Hobart instructor at the illustrated bulletin enables the 
start openings and of flame hardening for ; ce 
: ‘ , n company's plant for many years Stu high-voltage testing equipment to 
quick, localized surface hardening of 
. dents, in individual, well-ventilated pare the features and ratings of t 
booths, keep their own shop, each ous standard sets, and to 
Also included is a catalog of the oxy having his own welding machine and equipment best suited to hi 
acetylene apparatus and supplies neces equipment of the latest type In addi requirements 
sary for the proper performance of thes tion to regular training course equipment, [he portable equipment V 
processes students have use of swing lathes, drill the bulletin include small 
Copies of this booklet are available presses, throat cutting shears and X-ray testers, oil testers and larg 
upon request to Air Reduction Sales Co and tensile testing equipment for finish purpose test sets, with ratings a 
60 East 42nd St., New York 17, N. Y., or ing their work and determining effective 25 kva 
to any local Airco office ness of their welding training In addition, the publication 


Feed 


than o TRADE NAME 


@ It’s true that “Sight Feed”’ is the name of one of the finest acetylene WHE fe Bit: | 
generators on today’s market. But “Sight Feed” is also descriptive of 
an outstanding feature of this generator: the completely transparent | 
Pyrex hopper which holds the carbide. are 
A glance at this hopper before you start a welding job will instantly dy HH] ats te = b 
tell you how much acetylene you may expect from your latest “charge.” HME +t st oa 
No guesswork—no “running out of heat” in the middle of a job—and 
the feed is entirely automatic. 


“Sight Feed” acetylene is purer, hotter—yet it costs only a fraction 
of what you pay for “bottled” acetylene. Can you afford not to buy a 
“Sight Feed”? 


Contact your jobber, or... 


THE SIGHT FEED GENERATOR COMPANY RICHMOND, INDIAN 
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Sciaky portable spot welding units are designed with the 
accent on lightness — both in guns and cables. 


1 


The use of high tensile metals plus skillful design, saves 
weight ... makes the gun easier and faster to handle... more 
accessible, too. 
Both pneumatic and hydraulic units are available in ratings 
of 50. 75 and 100 KVA. Sciaky electronic control units pro- 
vide electronic control of welding sequence, current interrup 
tion and welding heat. Transformers may be suspended from 
any type hoist for moving about. Special features include 
high-eficiency. light weight flexible cables, fast acting electro 
valve and booster, and adjustable balancing device for larger 
guns. A variety of standard gun types, designed for nearly 
every job, are available. 
Hydraulic units make efhcient use of water. System is auto- 
eo matically refilled from same line supplying cooling water in 
case of leakage. Rust-proof materials are used throughout. 
Makers of Quality Resistance Welding Equipment. 


Offices in New York, Washington, Detroit and Los Angeles. 
Representatives in principal cities, Plants in London and Paris. 


4925 West 67th Street 
Chicago 38, Illinois 


Write for bulletin 122-A 
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listings and description of sphere gaps 
and current-limiting resistance assemblies 
for use with a.-c. testing sets 

Copies of this new bulletin, GEA-4477, 
may be obtained from the General Electric 


Co., Schenectady 5, N. Y 
TRANSLATION 
The Welding Research Council has 


available a few copies of a translation en 
titled ‘‘Occurrences in the Structure of the 
Metal Subjected to Tension and Alterna- 
tion of Stress’’ by A. Thum and C. Peter- 
sen (Darmstadt), translated by the Ar 
mour Research Foundation. A loan copy 
will be sent to you upon request. Address 
Welding Research Council, 29 West 39th 
St., New York 18, N. Y 


A.S.H.V.E. ANNOUNCES 52ND ANNUAL 
MEETING 


Che Council of the American Society of 
Heating and Ventilating Engineers has 
announced that the 52nd Annual Meeting 
of the Society will be held Jan. 28-30, 
1946, in New York City with headquarters 
at Hotel Commodore 


Pres. C.-E. A. Winslow, New Haven, 
Conn., has indicated that prior to the 
regular business and technical sessions 


there will be meetings of the Council, the 
Committee on Research, Ad- 
visory Committees Special 
Committees 


Technical 


and other 


SPOT BUTT ARC 


WELDERS = 


We invite contract spot welding \ / 
in large or small quantities. 


Write for Catalog 


EISLER ENGINEERING CO. 


779 So. 13th St. (near Avon Ave.) Newark 3, N. J. | 
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STEEL BARREL PLANT 


A somewhat unusual booklet has been 
issued by the Federal Machine and Welder 
Co., 212 Dana St., Warren, Ohio, describ 
ing the Federal Flash Butt Barrel Welder 
in Action The booklet describes in the 
first part, the design of parts of the barrel, 
and the welding machine. The following 
pages contain a description of one of these 
barrel plants, set forth in detail 

The flash butt welder, as de 
scribed, is but one type of Federal equip- 
ment adaptable to making 
other are illustrated 
briefly described, and a few 


barrel 


container 
Several types and 
samples of 
automatically resistance welded containers 
are shown 


Booklet available on request. 


A.S.T.E. ANNOUNCES EXPOSITION IN 
APRIL 


The American Society of Tool Engineers 
Exposition will be held in Cleveland, Ohio, 
April 8-12, inclusive, according to an 
announcement by the Board of Directors 
of the American Society of Tool Engineers 
at its Semi-Annual Detroit 
Arrangements have been made for the use 
of the entire Cleveland Public Auditorium 
and it is planned to use the entire quarter 
of a million square feet of space thus avail 
able 

Chis 


meeting in 


will be the 


exhibit of 


fifth such 


AIR, FOOT or 
MOTOR Oper- 
ated Press Type 
Welders of All 

Sizes. 


production equipment and proc: 
by the Society and the first maj 
war show featuring machine too] 
rials handling 
cutting tools and production p 
The name of the 1946 
chosen, according to C. V. Brine: 
dent of the So iety, because of 
panded influence of the Society 
field of mass production and th 
ened scope of such interests 


and « ontrol equ 


exhibit ws 


WELDING DISTRIBUTORS FORM 
ASSOCIATION 

An association composed of whol ale 
welding equipment distributors w 
ganized Sept. 17, 1945, at Dayton, 0 

Known as the National Welding § 
Association, the object of the associatior 
is to and maintain such cor 
structive cooperation among distri 
of welding equipment as will advance thei 
mutual interests 


promote 


inspire the observance 
of high business standards; stimulate th 
adoption of such business methods as will 
make for efficient and profitable operation 
encourage adherence to sound sales poli 
cies and practices correct faulty pr 
eliminate commercial 
all to the end that the wholesale 
supply business may retain its place and 
identity as an essential and efficient service 
in the distribution of welding equipment, 


supplies and gases 


cedures and 


evils 


welding 


Membership is composed of both Active 


FOR 32 YEARS UNITED HAS BEEN LICKING 


ALMOST IMPOSSIBLE WELDING PROBLEMS 


We manufacture a complete 

line of resistance spot welders 

from % to 300 KVA for all types 

of welding. There is an EISLER 
WELDER for every purpose. \ 


Transformers of all types. 


THE WELDING JOURNAL 


In war and in peace, United engineers a: 
craftsmen have taken pride in the 
ability to produce large, rangy or comp! 
cated weldments 
Lessons learned in wartime technique 
can now be applied to your weldment 
Our best |! 


studying your drawings to determin: 


engineers can serve 


you 
your product will improve through fa 
cation, Perhaps welding will lighter 


increase its strength—lower costs 


No obligation, just write. 
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— 
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: 
| 
| MIDDLETOWN, CHIO 
SINCE 191 WELDING FABRICATORS OF MODERN DES 
DECEMBER 


» 
nt 


RM 


l evils 
we Iding 
ice and 
service 


pment, 
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NEW KH-2 
MOBILE UNIT 


Welds, that look perfect to unaided visual 
inspection, often conceal a hidden crack 
or other dangerous discontinuity. If such 
flaws exist, Magnaflux will point them out 
Magnaflux indications are positive, easily 
interpreted, inescapable. 


Magnaflux provides quality control for 
welding shops and other metal processing 
operations. In addition to thermal cracks, 
Magnaflux detects lack of penetration and 
fusion, slag inclusions and other defects 
that cause rejections. 


Because it is non-destructive, magnetic 
particle inspection makes it possible to 
inspect every weld at a speed which keeps 


*Magnatllux, Registered U.S 


MA GN A FL U X 


NEW YORK DETROIT DALLAS 


1945 ADVERTISING 


Patent Offic 
applied to its equipment and materials for m 


aftr 


5922 Northwest Highway, Chicago 31, 


pace with production. S 
size of unseen flaws 
finely divided met 

The new KH-2 


above with the 


hape, location and 
t-lighted in 
les. 


are spot 
allic 
Magn 
XB-: 


partic 
flux unit, illustrated 


2A Po Blower 


wder 


provides low-voltage, high-amperage out- 
puts—both AC and half-wave rectified 
current, for either AC or DC magnetiza- 
tion—and also demagnetization after in- 
spection 

Build confidence in your weldments by 


thorough use of Magnaflux. Write today 
for additional information and free copy 
of ‘Routine Inspection and Salvage of Ma- 
chinery Weldments” by James W. Owens. 


ade mark of the Magnaflux Corporati 


1gnetic particle inspect 


CORP OR AT 1 


Ilinois 


LOS ANGELES CLEVELAND BIRMINGHAM 
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| “puts the finger” on welding flaw: 
the 
i 
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rs and 
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fabr 
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and Associate members Association 
headquarters are maintained at 324 E 
Second St., Dayton 2, Ohio 


Lh 


MARINE EXPOSITION 


Announcement was made recently at 
the Merchant Marine Conferen 
National Marine Exposition 
in Grand Central Palace, New York, 
May 20 to 25, 1946. It will be under the 
sponsorship of the Propeller Club of the 
United States 

Thre spacious exhibition floors of the 
Palace will house the huge presentation, 
which will be of interest to the average 
person as well as the marine expert Dur- 
ing the war dozens of industries contrib 
uted new things to the world of ship 
building and many of these will be dis 
played publicly for the first time. New 
processes and products, new methods, 
alloys, plastics, fibers, minerals, chemi 
cals and modern adaptations of old and 
standard materials, such as rubber, wood, 
felt, leather, etc., will be found in use in a 
wide range of instruments, mechanisms 
and modern construction forms. In the 
field of electronics some rather startling 
features may be expected. Some of these 
of course, originally were developed essen 
tially for use in other industries such as air 
craft and automotive, and then were found 
adaptable and important in marine work 
Others were the discoveries of ship de- 
signers and technicians, whose contribu- 
tions to the war effort were invaluable. 


NEW WELDING SUPPLY HOUSE 


The establishment of a new welding 


supply house for serving users and pro 
spective users of welding supplies in the 
western Michigan area has been an- 
nounced by its founder, R. Dudley Lay 
man, former district manager and weld 
ing engineer of the Grand Rapids office of 
The Lincoln Electric Co., Cleveland, Ohio 

Layman, who left Lincoln Electric after 
19 years of service to go into business for 
himself, has been replaced by I. R. Bart 
ter, who assumes charge of Lincoln’s 


Grand Rapids office. Bartter is a gradu 


ate of Baldwin-Wallace Collegs Berea, 
Ohio. He also studied at Fenn College 
and the University of Minnesota, special- 
izing in welding, its uses and applications 
He was previously district manager of the 
company branch at Duluth, Minn 


The new Layman Welding Supply Co., 
1 
i 


located at 215 Oakes Street, S. W., Grand 
Rapids, Mich., carries a complete stock of 
arc and gas welding and cutting materials 


and offers a comprehensive service to users 
in that territory on the application of ar 
welding methods and technique 


SUPPORTING COMPANY 


Mapes & Sprowl Steel Co., Burnet 
Ave., P.O. Box 425, Union, N. J., is one 
of the foremost Metropolitan distributors 
of iron and steel products carrying all 
grades of sheet steel, hot-rolled angles 
bars, plates, cold-finished bars and Armco 
ingot iron sheets and plates. Specialties 


include stainless steel sheets, plat 
and bars; Magnetic Armco ingot 
silicon steel sheets Complete 
for iw cutting, shearing an: 
are maintained together with « 
largest flame-cutting pantogray 
ka a capabl of han lling work 
ft. with two arms, four torches « 


PRACTICAL ENGINEERING BOOks 
Practical Design Handbook for Er 


A new, much enlarged editi 
now includes three formerly 
publication namely, Refinery 


Design, Modern Welded Steel St: 


Aerial Cable Tramways.”’ It i 

an engineering library in “On 
Volume” of 400 pages, large siz 

in., with hundreds of illustratio 
dreds of practical examples, wit rt 
and tables that reduce the time for 


difficult problems into second 


Contents 


Part | 4 complete theory of 
of materials and structures i 
reinforced concrete timb all 
structural shapes in steel and al 
stacks in steel, concrete, brick 
suspension, cantilever; tru 
walls heet piling calculat’on 
pressure, etc. Part 2—-A complete theory 
of modern welded steel structur Cost 
speed, strength of welds; bridg: f new 
types; quick solution of Vier 
trusses; television towers; derrick 
ports for vibrating machinery; hangar 


VENTILATED HELMET 


(Cat. No. 87X578) Equip- 
ped with a crown sheet for 
skull protection, this helmet 
features screened ventilators 
which provide cool comfort 
and prevent fogging of the 
glass. Included also are eye- 
protective lens, lens gasket, 
clear cover glass, adjustable 
chin rest, head gear, snap-on 
sweatband. 

(List Price $6.50) 


| 


TREATED COVER GLASS 


(Cat. No. 98X349) Coated on both sides with 
© tough, transparent, moistureproof compound this 
cover glass helps to maintain clear vision and is 
highly resistant to weld-spatter. Efficiency of coating 
gives this glass many times the life of an umtreated 
glass. 

(List Price $0.10) 
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FILLET-WELD GAGE 


(Cat. No. 92X512) A necessary tool for both 
operators and inspectors, this handy fillet-weld 
gage provides a quick, accurate means of gaging 
fillets which have a straight, concove, or convex 
contour of the following sizes: 14 in., ;%¢ in., 

in., in, 14 in. and % in. 


(List Price $1.25) 
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G-E GLYPTAL” 

No. 1294—Weld-spatter Pre 
ventive Coating. A single coating 
No. 1294 prevents adhesion of weld 
spatter for either singtepass 
multipas: welds. Especially suitable 
when fabricating stainless or spec 
alloy steels 

(List Price per gal. $1.80) 
*Trade-mark Reg. U.S. Pat. Off. 


OTHER G-E WELDING 
ACCESSORIES 


Gloves @ Lenses 
Goggles @ Slag brushes 
Cable connectors 


Electrode holders 


Leather clothing 


General Electric Company 


Schenectady 5, N. Y. 
— 


DECEMBER 


5 
| 
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@ STRAIGHT StuDs WT} 
ways to fasten — —— — 


metal parts mr ‘ — Securing Covers: ‘Severe of 


all kinds, with or without 


in seco with if gaskets, can be secured quck- 


ly and easily. Usually the 
cover itself can be used as a 


through the cover holes. 


| template; studs are welded 


Pipe Hangers and Brackets: 
There are scores of faster, bet- 
ter ways to secure pipe, tub- 
ing or conduit with stud 
welding. Welds can be made 
in all positions; welder is com- 


pletely portable. 


General Fastening to Metal: 
Wherever brackets or at- 
tachments must be secured to 
sheet, plate or structural 
metal, the stud welder can do 
the job at the rate of one-half 
second or less per weld. 


SHOULDER STU 


— 


Ds < 


Metal Liners and Jackets: 
The shoulder stud provides 
correct spacing between liner 
and casing or jacket, and no 
holes pass through the liner 
which can be left smooth and 
unblemished. 


The NELSON Stud Welder is fully portable, 


works from any standard welding generator, and 


welds in any position. Studs from 'y”" to 4” in 


diameter and up to 8” in length are welded with 


Securing Pipe, Cable and 
Hose: Shoulder studs provide 
a fast, convenient method of 
attaching many types of pipe, 


ct mplete fusion to metal in i, second. 


conduit, cable, tubing or hose; 


en ‘ og production, to do a better job taster, three typical applications are 
ns put ones versatile tool on your job. The facts are illustrated at left. 

itable yours for the asking 

pe 


WRITE NOW for complete information, 


or to arrange a demonstration in your own shop 


Spacer and Bumper Bars: 
— at your convenience... Spacer bars, bumpers and 


guard rails can be attached 
NG SALES OF >N simply and economically with , 
shoulder studs. Portability of Sy 
Representatives and Distributors for the stud welder makes the job Jj GY 
Nelson Specialty Welding Equipment Corp Nelson Stud Welding Corp. easy on large assemblies. 4 a 
San Leandro, California Lerain, Ohio ‘ 
OTHER NELSON FLUX-FILLED STUDS 

(@ S 
= 

= (SULATION _— EYE BOLT BATTEN METAL LATH HOOK LAGGING METAL LATH GROOVED STIRRUP FEMALE 
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direct solution of arches for any span and 
rise. Part 3—Statically indeterminate 
structures; rigid frames. A complete 
treatise with hundreds of examples, formu- 
las, most completely covering the whole 
field. Tall frame buildings. Part 4 

Pressure and vacuum vessels— industrial 
piping. Part 5—Refinery piping design 
Part 6—Shafts, gears, belts Metals 
Part 7—Hydraulics—heat transfers—re 
frigeration. Part 8—Oils, hydrocarbons, 
chemicals Part 9—Aerial cable tram- 
ways. Part 10—Most complete tables of 
numbers and exact squares for any num- 
ber from 1 to 10,000. Trigonometry 

integrals and differentials 

conversion tables of all kinds 


Engineering 


Calculus for Practical Engineers 


In a simple, quick, engineering way 
100 pages, 12 x 9'/, in., with hundreds of 
illustrations and practical problems solved 

Mathematics, calculus, is the base rock 
of engineering Every engineer should 
have a working knowledge of calculus, be 
cause practically every formula used by 
him was derived by calculus. In this book 
the calculus is explained without any 
theories, in such a way, that anyone 
who passed in algebra and geometry can 
learn it quickly by himself, preferably 
without any teacher who might confuse 
him by some mysterious explanations 

Dr. Alois Cibulka, Doctor of Engineer 
ing, Registered and Consulting Engineer 
in State of Texas; is the author of the 
two books mentioned: Price: Handbook, 
$6.00; Calculus, $3.00 a copy—postpaid 
Send orders to: Clarke & Courts, 1210 
West Clay, Houston 1, Tex 


SUSTAINING MEMBER 


Jessop & Co. Ltd., 93 Clive Street, 
Calcutta, established in India 1788 
London Agents Messrs. Jessop & Co 
Ltd., Stone House, Bishopsgate, London, 
E.C.2 


works, employs 6000 men and carries out 


This company owns three large 


extensive contracts involving all classes of 
Civil, Structural, Mechanical and Elec 
trical Engineering, while yet another sec- 
tion conducts an Agency and Merchant 
Busines 


representing many well-known 


American manufacturers 
The Jessop organization plays an impor 
tant part in the general industrial develop- 
ment of India where it has for so many 
years been established 


British and 


CLARENCE E. JACKSON, 
METALLURGIST FOR THE NAVY 
RECEIVES DISTINGUISHED CIVILIAN 
SERVICE AWARD 


Clarence E. Jackson, metallurgist in 
charge of welding research at the Naval 
Research Laboratory, Anacostia, D. C 
was awarded by the Navy the Distin 
guished Civilian Service Award for his 
work in that capacity 

Rear Admiral H. G. Bowen, U. S. N., 
Chief of the Office of Research and Inven 
tions of which the Naval Research Labo- 
ratory is a part, made the presentation 
and read the following citation at cere 
monies at the Statler Hotel 


exceptionally distinguished serv 
ice to the United States Navy as 
Head of the Welding Section of the 
Division of Physical Metallurgy of the 
Naval Research Laboratory 
outstanding and original re 
searches on the fundamentals of weld- 


**For 


ing metallurgy, and for the develop 
ment of ingenious new tests for evaluat 
ing weldability which have contributed 
to the development of new weldabl 
high tensile and alloy steels for naval 
use. For the interpretation of the 
of welding which have been 
adopted voluntarily by welding organi 
zations throughout the United States. 


principles 


‘A continued organized effort has 
been directed toward the development 
of a test for evaluating the weldability 
of steels 
grades for naval service. This work 
has been paralleled by fundamental 
studies on the metallurgical effects of 
the welding process. The results of 
his efforts have been such as to firmly 
establish Mr. Jackson’s work as au- 
thoritative in American as well as 


both of structural and armor 


British welding circles 

“By his point of 
by his sound and fair judgment, and 
by his conservatism, 


objec tive view, 


coupled with 


true inventiveness, Mr. Jack 
distinguished himself in a n 
serving of the Navy’s highe ivil 
award.”’ 


Jackson, whose home is at 6607 Po, 
Ave., Takoma Park, Md., forme: 
as a metallurgist for the Natio: ' 
of Standards, Department of ( mer 
and for the Naval Gun Factory, 
ton, D. C. He was born in G 
Minn 


PARKS APPOINTED METALS SOcrIrty 
EDITOR 


John M. Parks has joined the staff of ; 
American Society for Metals as « 
technical books, according to an anr 
ment made recently by W. H. Ej 
secretary of the Society Dr. Parks w 
also assist in the work of the Education 
Committee and prepare lecturt 
use by the 69 local chapter grou; 

Sor iety 

Dr. Parks’ background in teaching 
research and consultation ideally 
for this editorial work,’’ Mr. |} 
pointed out. ‘“‘With many new meta 


lurgical engineering developments coming 
out of the war, the Society’s objective wi 
be to coordinate the advances of tl 


industry and present these in t 
books prepared under the dirt 
Dr. Parks 
now being published will also be revis 


The score or more of book 


and brought up-to-date under Dr. Park 


direction.’ 


Dr. Parks received his Bachelor of & 
ence degree in Chemical Engineering fror 
Purdue University and his M.S. in Meta 
lurgical Engineering and Ph.D. from Rens 
selaer Polytechnic Institut Since 193 
he has been engaged in teaching and r 


search at Rensselaer and had a varie 
part in the war research program of th 
Metallurgy Department 

His studies in this activity in 
seam welding of steel to aluminu 
hardenable steels, a 
rolling and heat treat: 


experimental magnesium alloys 


welding of 


melting, 


also served as a consultant for 
industries concerned with metal 
electroplating, steel heat treatm 
inclusions, welding failures, and 


diffraction and radiographic exar 


Take advantage oi these improved EutecTrodes: 


# 24—+tor cast iron—no preheat—AC-DC 


TLAN) 

24B—for cast iron—AC-DC 

30—for copper—AC-DC 

# 2100—for aluminum alloys—DC TIM 

HI 

Cr 

EutecTrode 28 and these EuteChroms: 3 

A Coated Electrode for the Metallic Bronze Costings # 2—for hard overlays on worn ports — DSTO 

weided with Was 

Arc Welding of Bronze, Brass, Copper EutecTrode 28. This 

with AC and DC — deposits sound welds weld opper, foo! steel—AC FFAI 

with good corrosion resistance —a -close brass ond bronze with an \\ # 8—for high hardness, impact strength— Vin 

color match to red bronzes and yellow AC oc AC-DC 

Pletely machinable, perfect di a9 ‘ane 4 

brasses—tensile strength 45,000 psi. color match, high tensile strength. 12—for extremely hard overlays—A 

A: 

EUTECTIC WELDING ALLOYS ricatiag with EUTECTIC Lo 

Originators & Pioneers in Low Ter Temperature Welding Rods cn 

MAEVE! 
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Trodes: 
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welding electrode 


machinable welds cast iron 


. 


ATLANTA 3, GA. 
M. TULL METAL & SUPPLY Co 
285 Marietta Street 


LTIMORE 17, MD. 
HITEHEAD METAL PRODUCTS 
OMPANY, INC. 
413 West North Avenue 


PYSTON 41, MASS. 


"HITEHEAD METAL PRODUCTS 
~OMPANY, INC. 


5 Bridge St., Cambridge, Mass. 


FFALO 2, N. Y. 


VHITEHEAD METAL PRODUCTS 
COMPANY, INC. 
4 Court Street 


MICAGO 23, ILL. 
TEEL SALES CORPORATION 
48 South Pulaski Road 
MNCINNATI 14, OHIO 


~ IAMS AND COMPANY, 
’21-1927 Dunlap Street 


BEVELAND 14, OHIO 


NILLIAMS AND COMPA ANY, INC. 
700 P 


erkins Avenue 


The International Nickel Company has developed the Ni-Rod electrode 
for repairing broken or worn castings, remedying casting defects in the 
fOundry, and for all welding work on cast iron where sound welds of 
high machinability are essential. 

Ni-Rod, when used according to recommended procedures, eliminates 
the common cause of complaint found in an electrode for this type of 
Service—cracked and porous welds. 

Already proved by extensive tests in the field, Ni-Rod offers the 
following advantages: 


Superior arcing characteristics 

Fine wash 

Excellent bead contour 

Easily removable slag 

May be used on either A.C. or D.C. 


Generally, preheating is not required. However, experience has shown 
that casting thickness, uniformity of cross-section, and stress involved 
will determine the advisability of preheating to eliminate cracking and 
to obtain maximum machinability. 

Because of its excellent arcing and flow characteristics, Ni-Rod is an 
extremely easy-handling electrode. Its weld deposits are smooth and 
even, closely resembling the color of cast iron. 


We think you'll like Ni-Rod. 


THE INTERNATIONAL NICKEL COMPANY, INC., 67 Wall Street, New York 5, N. Y. 


NI-ROD IS DISTRIBUTED BY: PITTSBURGH 12, PA. 
WILLIAMS AND COMPANY, INn« 
901 Pennsylvania Avenue 
COLUMBUS 15, OHIO MILWAUKEE 4, Wis. PORTLAND 5, ORE 
WILLIAMS AND COMPANY, INC. STEEL SALES CORPORATION EAGLE METALS COMPANY 
31 North Grant Avenue 647 W. Virginia Street 307 New Fliedner Bide. 


MINNEAPOLIS 15, MINN. 
STEEL SALES CORPORATION 
529 South 7th Street 


DALLAS 1, TEXAS 
METAL GOoDs CORPORATION 


ST. LOUIS 10, MO 
STEEL SALES CORPORATION 


2500 South Ervay Street os 4565 McRee Avenue 
NEWARK 5, N. J. 
DENVER 17, COLO. WHITEHEAD METAL PRODUCTS SAN FRANCISCO 10, CAL. 
HENDRIE & BOLTHOFF MFG. & COMPANY, INC PACIFIC METALS COMPANY, LTD 
SuPPLY Co. 205-211 Frelinghuysen Avenue 3100 Nineteenth Street 
1621-39 Seventeenth Street 
NEW ORLEANS 12, LA. SEATTLE 4, WASH 
DETROIT 10, MICH. METAL Goons CORPORATION EAGLE METALS COMPANY 
STEEL SALES CORPORATION 413 Canal Building 3628 East Marginal Way 
5 menue 
5151 Wesson Avenue NEW YORK 14, N. Y. 
WHITEHEAD MET PRoOpUCTS 
HOUSTON 1, TEXAS WHITEHEAD METAL Propuct 
METAL Goops CORPORATION 303 West 10th Street COMPANY, In 
16 Drennan Street 242 West Washington Street 
PHILADELPHIA 6, PA 
LOS ANGELES 21, CAL WHITEHEAD METAL PrRopUCTS TULSA 3, OKLA 
PACIFIC METALS COMPANY, LTD CoMPANY, INC. METAL Goops CORPORATION 
1400 S. Alameda Street 725 Arch Street 19 East Cameron Street 


Call or write for more information. 
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DR. JOHNSTON RETURNS TO LEHIGH 
Johnston has resumed his 


Dr. Bruce G. J] 
duties as Associate Director of the Fritz 
Lehigh Uni- 


Engineering 

versity and also has been made Professor 
of Civil Engineering at the University 
Dr. Johnston has been on leave of absence 
from the Bethlehem institution for the 
past 3'/, years during which he served as 
Engineer on a number of war 
with the Johns Hopkins University of Ap 
plied Physics 


Laboratory at 


projects 


At the Fritz Engineering Laboratory Dr 
Johnston will be in charge of cooperative 
industrial research projects in the 
tures and fields 
graduate instruction in 
The 


pand its service of many years standing in 


struc 
will give 
structural me 


expects to eX 


materials and 


chanics laboratory 
which it has cooperated with industries 
and industrial associations on a variety of 
projects Both 
search fellows and full-tim: 
employed on 


research half-time _re- 
engineers are 
the Se projects depending 


on the scope and urgency of the work 


WM. C. STRATTON JOINS EBASCO 


On August 1, 1945, Mr. Stratton joined 
the engineering staff of Ebasco Services, 
Inc., after three years of service in the 
office of War Utilities, WPB, as chief of 
the Steel Section and Special Assistant 
Prior to that Mr. Stratton 
Detroit Edison Co. Mr 
ber of the 


with [Che 
otratton is a mem 
AMERICAN WELDING 


was 


SOCIETY 


R. M. DANIELS JOINS RED BALL 
BATTERY & SUPPLY CO. 


Mr 


1945, as a partner with his brother rhe 


Daniels joined the firm on Sept. 1, 


ompany is activities to 


includ: 


expanding its 
the sales of welding equipment and 
supplies 

Lincoln 


Mr. Daniels has been with the 


Elec. Co.as a Welding Engr. in Chatta 
nooga for the past nine years and prior to 
that spent eight years with General Ele« 
Co. in Schenectady, N. Y. He is amem 


ber of the AMERICAN WELDING SOCIET’ 


GORDON NEW GENERAL MANAGER 


The advancement of John D. Gordon 
to the post of General Manager and thx 
appointment of Carl L. Halpin as Manu 
facturing Works Manager is announced 
Johnson, President of 
ive Welder Co., 3050 E. Outer 
Detroit 12 
Mr. Gordon was formerly 

Sales Manager of 


As General 


by Fred Progres 


Drive, 


General 
Welder 


will be in com 


Progre lve 
Manager, he 
plete charge of all 
including 


company operations, 


sales, service, manufacturing 
and engineering, the latter having been 
expanded by the addition of a welding 
and welding equipment research and de 
velopment division 

Mr. Halpin 
practice on 
take over the 


Progressive’s expanded 


leaves an extensive 


con- 
sultation manufacturing to 
production management of 
line of resistance 


welding equipment 


simple the process is. 


your file — send for it now. 


BRAZING ALUMINUM 
MEANS LOWER COSTS 


KRE-CO ALUMINUM BRAZING PROCESS re- 
duces costs to a minimum, speeds production and 
joins parts perfectly, even with thin gauge aluminum. 
New operator training time halved—that's how 
Bulletin D7 should be in 
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L. D. T. BERG APPOINTED WEL] 


SPECIALIST 


sales engineer 
tric Welding 


Berg, for the past five 
in General Electr 
Division, Schenecta 


been appointed welding specialist 
Company’s Atlant 
quarters in Philadelphia, according 


announcement by 


kK 


District 


H 


wit! 


Runkk 


ager of the G-E Industrial Divisio: 


Mr. Bert, 
graduated from 


onsin in 


re > 
no long tly 


the 


a native 


1937 with the 


of Sparta, V 


nive 


. Berg 


de grec 
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Pie Weldeg Part. thar ar¢ time Waiting for 
furthe, Proc, SSing, “XPOseq to attac, 
from rust. This Wil] "Stitute a 
In Your Plan; if you faces befor. after 
Welding With Oakitn Protecti,. Oj]. This Materia 
to dispjan. Water Protect. 
3 SUrfaces With thin, T8NSparen: film that door 
Tust Cannos Penetrate 
“0-Dage bookIes SUR gest. Many Other Valuable USes 
for Oakit. Specia) Protectiy~ Oj] Tust Pr OOfing 
Cte. Seng for FRERF Copy TOD, Y? 
PRODUCT INC. 18s Thame, NEw TORK 6. 
Principe) Cir of the Uniteg Store, ond 
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NATIONAL 


NATIONAL 


ITS REPRESENTATIVES 


TO YOU ALL! 


MANUAL AIR HYDRAULIC - MOTOR DRIVEN - SPOT - PROJECTION -SEAM BUTT~ FLASH & SPECIAL WELDERS 


ALBANY 7, NEW YORK 
R. L. Browne 
75 State Bank Bidg 
Phone 4-2175 


ATLANTA, GEORGIA 
Chandler Machinery Company 
120 Houston St., N.E. 

Phone Walnut 3343 


BIRMINGHAM, ALABAMA 
National Cylinder Gas Co 
709 S. 21st Street 
Phone 7-7697 


CHICAGO 7¢, ILLINOIS 
J. M. Cooper 
9 So. Kedzie Ave 
Phone Sacremento 1506 


CINCINNATI 2, OHIO 
L. J. Gottschalk, Jr 
831 Temple Bar Bldg. 
Phone Parkway 2030 


CLEVELAND 18, OHIO 
W. O. Little 
3109 Mayfield Road 
Phone Yellowstone 6360 


DETROIT 2, MICHIGAN 
631 Fisher Bidg 
Phone Trinity 2-2760 
GRAND RAPIDS 4, MICHIGAN 
Joseph Monahan 
351 Indiana Ave., N.W. 
Phone 8-5917 
INDIANAPOLIS 4, INDIANA 


Engineering Sales Co 
621 WN. Illinois St 
Phone Franklin 2381 


LOS ANGELES 15, CALIFORNIA 
George S. Tivy 
1406 S. Grand Ave 
Phone Prospect 8806 


MEMPHIS, TENNESSEE 
National Cylinder Gas Co 
504 McCall Bidg 
Phone 8-4228 


MINNEAPOLIS 2, MINNESOTA 
Chas. W. Stone 
1019 Marquette Ave 
Phone Geneva 8631 


NEW ORLEANS 13, LOUISIANA 
Patrick H. Dillon 
524 Howard Ave 
Phone Raymond 1214 


PHIL ADELPHIA 
PENNSYLVANIA 
K. W. Ostrom 
213 Glen Gary Drive 
Upper Darby. Penn 
Phone Hilltop 4491 


ST. LOUIS 5, MISSOURI 
D. A. Clements 
709 Academy Avenue 
Phone Forest, 4950 


SEATTLE WASHINGTON 
Northwest Equipment Co 
1140 W. 53rd St 
Phone HE 3300 


WASHINGTON 5, D. 
aul Werres 
1507 M Street, N.W 
Phone Nations! 5812 


TORONTO 1, ONTARIO 
J). H. Ryder Machinery Cc 
SS York St 
Phone ADelaide 7401 

JUEBEC 


MONTREAL 
T_E. Rvder Machinery Co Registered 
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electrical engineering and immediately MERRIMAN PROMOTE! 
joined General Electric as a student engi Paul H. Merriman. for eight 1 
neer. After taking the Test Course in : 
Mass., he was transferred in December Ma 
1938, to the International General Electric : 
the Electrical and Ele 
Sl the laboratories of the lar 
In September 1940, he was named a re 
sales engineer in the G-E Electric Welding 
Division, reporting to C. I. MacGuffie, A of 
Si uth and Duke Univ 
Mr. Berg is a member of the AMERICAN 
WELDING Society and the American In- 
stitute of Electrical Engineers transferred to Tool Eng 
HEAD PITTSBURGH OFFICE 
Arthur H. Brown who has been as 2 
sociated with Lukens Steel Co. and sub- Acther H. Beown ‘ . 4 
sidiaries, By-Products Steel Corp. and 
Lukenweld Inc., Coatesville, Pa., since 
1930, has been named Manager of Sales for 
Pittsburgh and vicinity, according to an Flanging Sales and Plate Sales Depart ae ~~ re 
announcement made recently by J ments, as well as with the Mechanical a . 
Frederic Wiese, vice-president in charge and the Standards Departments of Lukens “ 
of combined sales for the three companies in Coatesville : 
The appointment was effective Monday, Brown, who was graduated from Coates 
Oct. 15th. Brown is making his head- ville High School, also attended Man 
quarters at 429 Fourth Ave. near Grant hattan College, New York; Brooklyn 
t., Pittsburgh N. Y.) Polytechnic Institute, and Penn 
Brown, a native of Coatesville, has State College extension courses. He has 
served in the Coatesville District Sales been active in the York-Central Pennsyl 
Office. Previously, from 1939 to 1943, vania Section of the AMERICAN WELDIN 
he was associated with the New York sales SOCIETY, currently serving as chairman 
office. He has served also as a member of of the program committee. Paul H. Merriman 
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worked as a welding engineer in the 
development of aluminum spot welding, 
steel arc welding and flash welding as 
well as other production methods. His 
greatest achievements were the Martin 
PBM Mariner radar production installa- 
tion and the Martin radio network, the 
largest industrial setup of its kind in the 
industry. Just prior to his new assign- 
ment he was head of Manufacturing De 
velopment 

Mr.. Merriman is chairman of the 
Eastern Section, Aircraft Welding Re- 
search Committee, a member of various 
N.A.C.A. and N.D.R.C. War Committees, 
the Aircraft Armor Plate Committee, 
AMERICAN WELDING Society, 
I.R.E., Institute of Aeronautical Science 
and other organizations. 


FRED C. SMITH 


Harry G. Howell, vice-president in 
charge of production of Tube Turns, Inc., 
Louisville, Ky., has announced the ap- 
pointment of Fred C. Smith as Director of 
Quality. 


Fred C. Smith 


A native of Marion, Ind., Mr. Smith 
acquired his B.S. and Ch.E. degrees at 
Purdue and began his administrative 
career as plant metallurgist with Inter- 
national Harvester in Fort Wayne and 
Chicago. Prior to joining Tube Turns in 
January 1943, as chief metallurgist, he 
was field metallurgist for Carnegie-Illinois 
He is a member of the American Society 
for Metals, the American Society of 
Automotive Engineers, the AMERICAN 
WELDING Society and other technical 
bodies, and of two honorary fraternities, 
Tau Beta Pi and Phi Lambda Upsilon. 


HERTY ELECTED PRESIDENT OF METALS 
SOCIETY 


Dr. Charles. H. Herty, Jr., of Bethle 
hem, Pa., was elected national president 
of the American Society for Metals at the 
annual meeting on Nov. 2nd, at the Cleve 
land Club 

As president of the Society during the 
past year, Dr. Kent R. Van Horn, As 
sistant Manager, Cleveland Research 
Division, Aluminum Company of Amer- 
ica, Cleveland, presided during the annual 
meeting which was held in conjunction 
with the regular meeting of the Cleveland 
Chapter of the Society 

Other officers elected were A. L. Boege 
hold, head of the metallurgy department, 
Research Laboratories Division, General 
Motors Corp., Detroit, vice-president; 
Dr. H. K. Work, manager of research 
and development, Jones & Laughlin 
Steel Corp., Pittsburgh, treasurer; John 
Chipman, professor of metallurgy, Massa- 
chusetts Institute of Technology, Cam- 
bridge, Mass., and W. E. Jominy, chief 
metallurgist, Dodge Chicago Plant, Chry- 
sler Corp., Chicago, trustees 

In addition to election of officers, the 
annual meeting included a report by 
W. H. Eisenman, national secretary of the 
Society. Following the annual meeting 
Dr Herty discussed ‘Steel Making 
Practice as it Affects Properties of Inter 
est to the User.”’ 


KNEEN AND LANDIS ELECTED VICE- 
PRESIDENTS BY LINCOLN ELECTRIC 


H. F. Kneen has been named vice 
president in charge of manufacturing, and 


H. F. Kneen, Vice-President in Charge of 
Manufacturing 


G. G. Landis, Vice-President in Charge of 


Engineering 


G. G. Landis, vice-president in irge of 
engineering for The Lincoln Elect: 
Cleveland, Ohio 

Announcement of these pr 
was made following the regular q 
meeting of the company’s B 
Directors. Both men have sery 
firm for many years, having hel 
develop to its position as world 
producers of arc-welding equip: 

Mr. Kneen joined The Lincoln | 
in 1929, a few years after grad 
from Cornell University wher 
ceived a Master’s Degree in in trial 
engineering. He was widely known asa 
athlete, and is a member of Chi | ut 
the honorary engineering society, Tau 
Beta Pi 

Promoted from his original positir 


assistant plant superintendent to general 
plant superintendent in 1931, K1 ha 
been largely responsible for carrying 
the policies of the widely known i ive 
plan instituted by the company’s Pre 
dent, J. F. Lincoln, over a deca ¥. 


His success in handling men |! 
erable influence in bringing al 
present harmonious relationship 
shop workers and management 

Kneen is a member of the AMERICA 
WELDING Socrety, Mayfield 
Club and Mentor Harbor Y 
His chief hobby is sailing a new ty 
known as the ‘‘Great Lakes 21"’ 
was instrumenta! in designing 

He lives at 1735 Sheridan Rd 
Euclid, Ohio, with his wife a 
children 

Mr. Landis is a veteran of ov Z 
years with Lincoln Electri He 
his electrical engineering edu 
Ohio State University and g1 
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DESIGN FOR RESISTANCE WELDING 


No. 10 of a Series of Bulletins on Preferred Designs for Resistance Welding Assemblies 
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“~ 
ORIGINAL DESIGN REDESIGN 
Countersunk rivets used to fasten formed channel Substitution of spot welding for riveting eliminated 
sheet in order to provide flat outside surface need for punching and countersinking operations 
Preparation of parts was expensive, fit-up was slow Assembly time was reduced 90°, No distortion 
snd bucking of rivets was difficult. Excessive troubles were encountered, and the assembly was 
buckling frequently occurred | rigid and permanent 


Spot Welding Saves by Eliminating 
Time-Consuming Operations 


EDESIGN of riveted sheet metal assemblies for spot welding speeds 

up some operations and eliminates others. In the case illustrated 
above, costs were high because: (1) Countersunk rivets had to be used 
in order to obtain a flat outside surface; (2) there was not sufficient 
clearance to permit using automatic riveters; and (3) many assemblies 
were distorted by the force of the riveting hammers and had to be 
straightened by hand. Spot welding produced smoother assemblies in 
a small fraction of the time required by the original design. Note that 
this is one of many types of slightly inaccessible joint designs which 
can be readily spot welded by using offset tips or holders. Spot welding 
is versatile as well as fast. 


Spot welding is widely adaptable for the production of mechanical joints 
which are not required to be liquid or gas tight. Weld strength and 
weld quality are limited only by the care that is taken to establish suit- 
able procedures and process controls. Recent improvements in spot 
welding machines and techniques have greatly increased the range of 
thicknesses which can be satisfactorily welded, as compared to what 
was considered practicable only a few years ago. 


The economies and the product improvements that are possible with 
present-day resistance welding practices are too important to be over- 
looked in your production planning for 1946. Consult with members 
ot the Resistance Welder Manufacturers’ Association about adapting 
your designs for best application of this low-cost assembly process. 


RESISTANCE WELDER MANUFACTURERS’ ASSOCIATION 
505 Arch Street @ Philadelphia 6, Pa. 
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Each chapter in this 285-page manual was 
prepared by a group of outstanding engi- 
neers. It gives full information on the 
fundamentals of the different resistance 
welding processes, and is a reliable guide 
to the selection of proper equipment for 
each process. This fundamental! informa 
tion should be available wherever parts 
are being designed for resistance welding 


Price, $2.50 per copy 


MEMBERS OF RWMA 


Sciaky Brothers 
Chicago 38, Illinois 

swift Electric Welder Company 
Detroit 10, Michiga 

Taylor-Hall Welding Corporatior 
Warren, Ohi 

The Taylor-Wintield Corporat 
W arre: 

Thomson-Gibb Electric Welding Co 
Lynn Massachusetts 

Welding Machines Manufacturing 
Detroit, Mict yan 

Acme Electric Welder mpeny 
Los Angeles 11, Ca r 

Eisler Engineering Company 
Newark New Jersey 

Expert Weldiz g Machine Cx mpany 
Detroit, Michigar 

The Federal Machine & Welder mpany 
Warren, Ohi 

Multi-Hydromatic Welding & Mig. C 
Detroit, Michigar 


National Electric Welding Machines 
Bay City, Michigan 

Progressive Welder Company 
Detroit 12, Mi ga 

Resistance Welder rporat 
Detroit 2, Mict 


THE ALLOY GROUP 


Ampco Metal, I ry 
Milwaukee 4, Wis 


Electroloy Company, | rporated 
Bridgeport 
P. R. Mallory & C pa I ry sted 
M Corporat 
roit11.™M 
Welding Sales & Eng € J mpa 
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with a Bachelor of Science degree in 1922 
After two years with several large elec 


Time Counts - 
Gas cut and Weld with 


SHAWINIGAN PRODUCTS 


CORPORATION 
EMPIRE STATE BUILDING, NEW YORK 1,N.¥. 


tightening at rail joints, but 
wear and tear on rails and rolli 


trical companies, he resigned to enter the and gives a smooth ride raw : 
laboratories of Lincoln Electric in 1924, and 
was promoted to chief engineer in 1930 
Many patents on both arc welding and 
electric motors have result: d from his TECHNICAL WELDING SERVIC) 
genius in the electrical engineering field 
Vice-President Landis is a director of Mr. M. H. MacKusich for 
the company and has complete charge of ing Engineer for the California 
the design and production engineering on ing Corp. has organized the al 
welding equipment manufactured by the with headquarters at 2008 We 
company. St., Los Angeles 5, Calif Mr. Mack 
He is a member of the honorary engi will bring to this service 12 year 
neering society, Eta Kappa Nu, belongs to rience in Pressure Vessel contruct 
Sigma Xi scientific honorary society and A.P.1. and A.S.M.E. Code ré 
the AMERICAN WELDING SOCIETY and 4'/, years of Welded 
Landis has contributed numerous ar- construction to A.B.S. and U 
ticles to the trade magazines and fre quirement The service will be ay 
quently lectures at colleges and schools to clients in the selection of welding 1 
né é al andard Lengths by Oxyacetylene Pres- expense and improvement of pro 
son sure Welding, Are Shown Ready to Move 
Outside his devotion to his family and Into the 5-Mile Long Hoosac Tunnel on the 
profession, Landis does outstanding work Boston & Maine Railroad Near North 
in wood carving. Adams, Mass. . 
NEW CATALOG 
A new catalog No. 2010-B hs n 
PRESSURE-WELDED RAILROAD RAIL gether. Heat from several oxyacetylene issued by the Heavy Machinery Division 
blowpipes is then applied to the rail ends, of The Cleveland Crane & Engi ing 
Pressure-welded railroad rail is being heating them to the correct temperatur: Co., Wickliffe, Ohio describing Cleveland 
used more widely each year by many of the At the same tin sure is applied to Steelweld Bending Presses and | , 
nation’s largest railroads. This type of force the heated, semiplastic ends together, Details of construction are illustrated and 
long continuous rail is produced by a forming a weld stronger than the rail tables of dimensions and specifi 
patented oxyacetylene pressure-welding itself cluded. Data is also provided on special 
method. In this method, standard lengths These long rails are used in tunnels, on bed and ram design 
of rail are clamped in a welding machine, bridges and in open track. This type of Copies of catalog No. 2010-B furnished 
with ends butted firmly and squarely to rail not only eliminates the need for bolt upon request, 
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— | One Three Six Twelve 
Space Insertion Insertions | Insertions | Insertions 
*Full Page $150 $135 $125 $115 


Half Page | 85 75 70 65 
Quarter Page 50 as | 45 | 40 
“Eighth Page 33 | 25 2 
“Inside Preferred | 170 | 155 | 145 135 


Buy “Proven Fluxes”’’ with Years of TIP CLEANING DRILLS 

Guaranteed Satisfaction behindthem M 

The Trade-Name is “ANTI-BORAX”’ 

Ask for Them Unequalled for Quality BRA SS Handled 

A Flux for every metal: Cast Iron Welding Flux bad 

No. 1; Brazing Flux No. 2; Braz-Cast Flux No. 4 LARGE STOCK 

for bronze-welding cast iron; “ABC”? Aluminu 

Flux No. 8 for and all of PROMPT DELIVERY 

Aluminum; Stainless Steel Flux No. 9; Silver NO RATING REQUIRED 

Solder Brazing Flux No. 10; No. 16 Silver Solder “ 

Paste Flux. DISTRIBUTORS WANTED 
ANTI-BORAX COMPOUND COMPANY NEW MEXICO STEEL CO. 

Fort Wayne, Indiana Box 691, Albuquerque, N. M. 
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This single-pass fillet, made In the vertical position, iivs- Of carbon-moly steel, this transformer radiator assembly being 
46 trates the deep penetration and excellent fusion obtained welded in the vertical position is typical of the applications for which 
with Type W-5é. Type W-56 was designed. Either o-c, as in the illustration, or reverse 
polarity d-c can be used. 
RANG 
a E OF MECHANICAL PROPER 
Ss — (Stress Relieved) TIES 
Altern 
we Sting Current D-¢ Reverse p 
ded “in. Diameter Polarity 
Tensile. . 
Yield... 76,00 
Elongation 2 in 4 5 7 
Reduction 26.0 54 
67.0 = 2 
5 32-in. Diameter 3.4 62 
Tensile, 1.4 
ARC WELDING | 70700 | 7095 
EQUIPMENT ation % 2 in... 
MBER 


NEW PRODUCTS 


The Society assumes no responsibility 
for the validity of claims in this Section 


PORTABLE SPOT WELDER 


A complete new line of overhead type 
portable spot welding units has been 
announced by Sciaky Bros., Chicago, Ill 
30th pneumatic and hydraulic systems 
are available with transformer ratings of 
50, 75 and 100 kva 

A variety of standard gun styles in both 
alligator and ‘‘C”’ types are designed to fit 
nearly every application. Special em 
phasis is made on lightness in both gun 
and cable design, permitting the opera 
tor to work faster with less fatigu 
Spring type or pneumatic balancers ar: 
provided for easy positioning of the 


| 


Transformers may be with or without 
tap switch. Electronic control units are 
availabl for control of welding sequence, 


current interruption and, where desired, 
electronic control of welding heat Unit 
may be permanently suspended for pro 


duction lines, or hung from any jib hoist, 
monorail, etc., for tack or structural weld 
ing on large assemblies 

Hydraulic system makes efficient use of 
water with special fast-acting booster and 
electroval vé In case of leakage, system 
is automatically refilled from same lin 
supplying cooling water to transformer, 
cables and gun. Corrosion-resistant ma 
terials are used throughout 


ARC-WELDER UNIT DESIGNED FOR 
USE ON WILLYS “JEEP’’ 


A mountain-to-Mohammed version of 
the civilian ‘‘Jeep,’’ which enables agri 
culture and industry to perform on-the 
spot arc-welding jobs, has been developed 
by Willys-Overland Motors 

The new development, according to 
Delmar G. Roos, vice-president in charge 
of engineering for the automotive concern, 
“offers a solution to the costs and delays 
occasioned on farms and in factories by 


ending damaged machin parts away for 
repairs 
Tested in war for quick repairs to air 
planes and tanks, the new are-welder Jeep 
as described as having especial appeal for 


ontractors, public utility companies, 


inicipalities, welding companies, rail 


roads and returned veterans who want to 


welding business 

In the case of farm machinery broken in 
the field, he explained the are-welding 
Jeep would repair the machine on the 
pot. In laying pipe line, the are-weldin 


Jeep could keep pace with the line itself 
over terrain where conventional trucks 
would have difficulty 

A generator for the arc-welding unit is 
powered by the Jeep engine and uses only 
shghtly more than a gallon of gasoline pet 
hour, Mr. Roos said The rated capac ity 
of the renerator is to up to 


in. welding rods 


ELECTRODE 


he American Agile Corp. of Cleveland, 
Ohio, announce the development of 
their newest type of electrode which will 
be known in the future as Agik Blue 
Chis rod is being developed for the broad 
field of all welding applications with low 
open circuit transformer type welding 
machine 


[It performs equally well in all welding 


ositions and can be applied with ea 
init cit y Th pertorma of thi 
electrod Lurie g for tl ld 

f light-ga heet tal, steel f 1 

t tanks of all tyy umental stru 
iuto nae VorTk teel window 

Ira i is! 0 tet il 
grat tor | Yo! unc 
ill mild steel product | 

Ag le | toll ‘ ig i 
Va ageous feature ) tre ly 
it weld deposit init utter lo 
very easy slag removal isily applied 
vel very rapidly | type of ele 
ode will occupy a very definite pla il 
the fiel f reconversion and peacetim 
production Literature ha been pre 


pared outlining this product in more di 
tail giving welding instruction 
amperages, specifications, et This it 
formation will be sent on written request 
Address all inquiries to American Agil 
Corp., Dept. E., 5806 Hough Ave., Cleve 


NEW LOW-PRICED WELDER FOR FARM 
AND SHOP USE 


A new low-priced welder which is ideal 
for rural power lines and is said to over 
come all the objectionable features of 
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previous welders designed for thi 
service has just been announcy 
Lincoln Electric Co., Cleveland 


The new unit, called the “Fleet 


is for 230-v., single-phase power 
meets the limited input requir 
rural utilities and R.E.A. by a 
high efficiency and high power fa 
has a maximum input current of 
and provides a machine which 


new N.E.M.A standards for thi 
welder It can be used with th 


3-kva. power transformer previd 


power company. Current rang 


ump. at 20 v. to 180 amp. at 25 v 
duty Chis gives sufficient cay 
types of jobs found on most far 
welding shops It will handlk 
ranging fron 6- to in. dia 

Fleet-Are Jr.,”’ wil 
welding and mul li it iti 
pair and fabricating jobs don 
inl iveTag aug 
revolut ary development }k 
Art Booster which provi 
easy al tarting lr} instant 
trod ouches the work, th 
rent 1s giv i boo of int 
tarting tl 

Phe cu then reverts auto 
to the amount set for t Oo 
voltages or special high-frequ 
are used, the output voltage | 
toa uximum of 52 v 

Either of the two degri of 
ing provided 1 lecte ya 
ore for ral wort i 1 th 
amount for thi material 


mobile fenders 


Current control for th 

Arc It 1 of the irat i 
reacta type which 1s var \ 
hand wheel Adjustment O 
over tire welder range of fro 


ee 


New ‘‘Fleet-Arc Jr.’ Arc Welder Spe 
Designed for Farm and Shop Us¢« 


| 

is from 

| 

a 

| 
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SILICON rate over a 
. low and decreasin¢ 
ipal oas-forming objections thin « ntrollable 
1e prime time, wel with! 
le trodes one 
silico n welding elec : ly a step remo 
to Ferro Silies ni In fact. we are ony 
ittributed to the hydrogen reac | 
are from adding ssing 
NaySiOs + 2He. 
tion -esent che mical ane 
non-gas- pr 
+s to proau FD 
Original effort CONTROLL 
FI ‘Onl were directed at this PARTICLE SIZE ALSO : 
sing Ferro t with noan-cassing Ferro Silicon 15 
plied in controlled par’™ 
limited | n of coal 
sreponadcra ce 
SUCCESS CAPS LONG SEARCH ing 3 P pon secl helps to produc 
have Particle size 
Now however, Foot 2 searchers hax i hond betweel the 1 recien| 
veloped a new tr | fing and ala I 
| n This new treatment has paso d n to the 
th laboratory stage ari is in proa deoxidl 
Low that Foote s formation 
tion Ke peated rite or U eph e To! | ) I 
new Ferro Silicon is stable, evolvine o Silico! today 
n exceed- on Foot 
very small amount of gas at an exces 


. you may first think of us as processors 
of ores and chemicals, a substantial percentage 
of our job is supplying alloys and metals of guar- 
anteed analyses to industry . . . powdered to {| “4 


our standards or granulated a la carte to your specs. i 


A Sree Ahead 
Ores PHILMMEMPHIA ASBESTOS + EXTON, PENNSYLVANIA 
gad Chemicils Home Office: 511 GERMANTOWN TRUST CO. BLDG., PHILA. 44, PA 


West Coast Representative: Griffin Chemical Co., Son Francis slifornia 
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; GASSING GUARANTEE ON FERRO 
DCALIZATION 


new welder include: 
Wear-free and 


drive. No taps or plugs to develop loose 
connections. 


Heavy copper winding with spun glass 


insulation and mica coil separators. Arc 
welded steel frame and housing 


“‘Fleet-Arc weighs only 360 lb. and 


is, therefore, readily portable 


Full information can be obtained by 
addressing The Lincoln Electric Co., at 


Cleveland, Ohio 


BUDD’S NEW DOUBLE BEDROOM 


This is an entirely new design for a 
welded stainless steel railroad sleeping cat 
accommodation——just announced by the 
Edward G. Budd Manufacturing Co 


To satisfy passenger preferences as to 
position of beds, half of the rooms in these 
cars are arranged with 6 ft. 4 in. premade 
beds running across the car, the other half 
lengthwise with the car. One of the out 
standing features is a fully enclosed 
toilet, lavoratory and shower bath, pro 
viding privacy with apartment luxury 
and convenience 


CUTTING ELECTRODES 


A new bulletin on Ellpro Cutting Elec- 
trodes, for underwater or surface cutting, 
has just been published by Ellwood Prod 
ucts Corp. 

These highly efficient cutting electrodes 
were developed by Ellwood engineers and 
the U. S. Naval Experimental Station at 
Annapolis. With the end of the war, the 
possibilities for Ellpro Cutting Electrodes 
in harbor clearance, salvage and certain 
construction operations can now be re- 
vealed 

Elipro Cutting electrodes can be used 
with any portable welding set by simply 


adding a tank of oxygen. Their use 


underwater results in expert, speedy, safe, 
inexpensive cutting at depths up to 280 
ft. and more. 

For surface work, the electrodes have 
been found extremely efficient for cutting 
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Design and construction features of the 


vibrationless reactor 
current control with self-cleaning chain 


conventional method 


tire shearing cycle in the same 


cast iron and other materials 
need for preheating 
starts instantly in water or air by striking 


There is no 
the cutting action 


the arc. The cutting speed is usually 
three times faster than possible by pre 
vious conventional methods. No experi 
ence is needed 

The new bulletin on Ellpro Cutting 
Electrodes gives complete details and 
specifications, together with a fully illus 
trated description on how to use the 
electrodes. The bulletin also describes 
the Palmgren Arc Oxygen Kit for under 
water cutting, used with Ellpro Cutting 
Electrodes. Copi of the bulletin are 
available through this publication or direct 
from Ellwood Products Corp., Ellwood 
City, Pa 


PREPARATION OF PLATES FOR AUTO- 
MATIC WELDING 


Substantially reducing the time re 
quired for side edging or trimmir 
plates preparatory to their being auto 
matically welded, an entirely new trimmer, 
the Thomas Plate Edging Machine, ha 
been perfected by Machin 
Manufacturing Co., Pittsburgh, Pa 

By simultaneously trimming both sid 
edges in one pass, the plate is ready for 
automatic butt welding in a very small 


of 


fraction 


The Thomas Plate Edger shears the 
material rather than plan it Phe 
hear cut, in addition to being more 
rapid, results in a tighter, more accurate 
wnt between two plates than is obtained 
by any other production method, accor: 
ing to the manufacturer [Two major 
operational factors assure this result 


First, the plate is held perfectly flat while 


under the shear blade hus mill wave, 
which is present in t 


1e majority of plat: 


} 
I 
nated when the is mad Co, 
is Cilminated when the cut made 


ond, the plate is carried through the en 


A 4/,-In. Plate, 20 Ft. in Length, Being Trimmed on the New Thomas Plate Edging 
Machine, Which Substantially Reduces Trimming Time 
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combination of stop gages; 
holding of the work; and accurate 
methods in passing the plate thro: 
finished plate: 


parallel within extremely close tok 


anda high cde gree of 


Edging Machine is ma: 
and capacities to 
thickness of plates u 


18 of Thomas Machine Manuf 


now ay ailable 


CARBON ELECTRODE HOLDER 


shed optionally w 


heavy welding, 


100 describes fully 


parts informatior 


‘ eC position. This is accomplished by , 
, Po ideal for automatic welding 
; ee The Plate Edger may be opera 7 
| ee necessary. In edging the larger a 
e heavier plates, however, it is eco 
: — to utilize a helper for loading a 
; loading fool setup or change 1 
accomplished by the regulator o; 
: with a wrench and a simple measuring 
tool 
rhe Plate 
tured in siz 
any size o1 
automatic welding. A complete desc: 
tion of the machine is contained in Bull, 
ie” ing Co., which is 
ymipl te new lit f i 
ww aes omplete nev ne of air-cool 
pon ectrode olders tor Manual w 
é I Elect Hold g 
has just been announced by Tw 
’ The ucts Co., Wichita 1, Kan 
ie required by older cludes four sizes—150-, 200-, 
. 500-amp. models Positive “‘Ho 
design with ample length and vent 
yiti done with either the 13'/,-0z 
noider or the 2U-0Z. 4AU-amp. unit 
without pecial Quick-Attach 
= Cables for short duration job rl 
and 500-amp. models are suitat 
cutting job 
Form No. CH - 
new holders, gi plete qua 
price and 
i ee relative is available for immediate delivery 
DECEMBER 


BER 


16 Spot Welds in One Operation 
300 Assemblies an Hour...with 


MALLORY Spot Welding Tips 


Two channels are placed in a jig, with tl 


\\' ULTIPLE spot welding speeds production of reinforced metal 


box ends, as this modern welder fastens two channels to a 


flat plate in one operation—and produces 300 assemblies an hou 


ie flat steel plate on top. 
The jig then moves under a battery of 16 water-cooled Standard 
Mallory Spot Welding Tips, which fasten both channels to the plate 
simultaneously, eight welds per channel. With two jigs shuttling 
back and forth, assemblies are completed at the rate of one every 
12 seconds. 


Maximum production is assured by the use of standard spot weld- 
ing tips made of Mallory; 3* Me tal. These all: Vv tips ay oid excess 

‘mushrooming’’, joining thousands of steel parts with sound welds 
at a minimum of down time for dressing. Both tips and holders are 
efficiently water cooled, to lengthen tip life and improve weld quality 


Mallory provides a complete line of standard spot welding tips and 
water-cooled holders, in addition to manufacturing all special types 
of seam welding wheels, flash, butt and projection wel ine dies or 
specific applications. These electrodes are used for the 
welding of metal products of carbon, alloy and stainless steels, 
plated metals and aluminum. 


resistance 


Write today for free catalogs describing Mallory electrodes and 
holders. Mallory metallurgists and engineers will gladly help vou 
with any specific resistance welding problem. 


P. R. MALLORY & CO., Inc., INDIANAPOLIS 6, INDIANA 


* Registered trademark of P. R. Mallory & Co., Inc., for copper alloys 


Ms PR. MALLORY CO. Inc 


—~ 
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ABSTRACTS OF CURRENT 
WELDING PATENT 


Prepared by V. L. Oldham 


Printed copies of patents may be obtained for 10¢ from 


the Commissioner of Patents, 


2,385,710—APPARATUS FOR WELDING 

Resistance Welding); Henry Kershaw, 

Inventor; Belleville, N 

The apparatus patented comprises elec- 
trodes which are insulated from each 
other and adapted to be connected to a 
source of welding current, as well as to 
engage the parts to be welded. Means, 
separate from the electrodes, are provided 
to press the parts to be welded toward the 
electrodes, and such means include a 
pneumatic cell to cause the pressure 
applied to follow through instantly with- 
out the loss of time due to inertia. 


2,385,947—-METHOD AND APPARATUS FOR 

RESISTANCE WELDING; David Sciaky, 

Inventor; Chicago, III Assigned to 

Welding Research, Inc., Chicago, Ill 

12 claims. 

An electric resistance welding method 
whereby a balanced load is drawn from a 
polyphase alternating supply of con- 
ventional 60-cycle current is disclosed in 
this patent. 
fying 60 cycle current to direct current and 
applying impulses of such direct current 
intermittently to the primary winding of a 
welding transformer so that such impulses 
induce in the secondary circuit of the 
welding transformer an alternating cur- 
rent having a frequency equal to that of 
the direct-current 


The method includes recti 


impulses This in 
duced current is used to flow through the 
workpiece so as to weld it. The method 
also comprises applying the d.-c. impulses 
to the primary of the welding transformer 
at a rate ranging from less than 1 to 20 per 
second so as to induce an alternating cur- 
rent in the secondary of a relatively low 
frequency 


2,386,080— ELECTRODE HoLpER:; Ingvart 

J. Anderson, Jnventor; Oakland, Calif. 

4 claim 

This patent discloses an electrode holder 
including a tubular base element open at 
its upper and lower ends. A centrally dis- 
posed stem member is rigidly secured at its 
lower end within the base element with its 
upper portion projecting upwardly from 
and extending beyond the upper end of the 
tubular base, the stem member being 
spaced radially inwardly from the tubular 
base element throughout the length of its 
upper end section. A tubular cap element 
houses the upper portion of the stem mem- 
ber“and is adjustably secured to the base 
element. Then a bearing plug is arranged 
within the upper end of the cap element 
and is adapted to cooperate with the 
upper end of the stem member to clamp a 
welding rod when fhe 
tubular cap element is adjusted relative to 
the base element 
vided to secure an electri 


therebetween 


Means al oO are pro 
upply cable to 
the lower end of the tubular base element. 


2,386,261—RESISTANCE WELDING AP- 
PARATUS; James H. Redmond, Sche- 


Washington 25, D. C. 


nectady, N. Y., Jnventor 
G. E. Co. 
This patent covers resistance welding 


Assigned to 


apparatus including a frame, cooperating 
work engaging electrods 


frame, and 


mounted on the 
mechanical means on the 
frame for moving the electrodes toward 
and from each other and for applying 
through the electrodes 
to a work piece held therebetween Of 


welding pressurt 


course, a welding circuit, passing through 
the electrodes, is provided One of the 
electrodes is lever 


pivotally supported on the frame with its 


assc tiated with a 


pressure arm connected for controlling the 
pressure applied to the work through the 
electrodes and with its force arm located 
adjacent and lengthwise of another part 
of the welding circuit in which it is length- 
wise connected through a current con- 
ductive joint having relatively movable 
parts. Thus, the electromagnetic field of 
repulsion between the said ‘‘other part”’ 
of the welding circuit and the force arm of 
the lever, upon current flow therethroug 
moves the lever about its pivotal support 
in a direction to apply pressure to the 


work through the electrodes. 


2,386,398—ELeEcTRODE Ho.LperR: Honel 
A. Jackson, Detroit, Mich., Inventor 


The patent discloses an arc-welding 


electrode holder « omprising a head having 
a longitudinal opening therein, with ons 


portion of the opening being threaded and 
another of polygonal cross section. A 
threaded handle shank ha y 
the threaded portion of the bore of the 
opening and an end adapted to project 
into the other portion of the 
slidable locking block is in the polygonal 
portion of the bore arranged to abut the 
handle shank and be moved outwardly 
of the polygonal portion of the bore when 
the handle shank is turned in the head 
The locking block has a V groove in its 
outer end and also 
therethrough 


an oblique opening 
Opposed openings formed 
in the head communicate with its longi- 
tudinal opening adjacent the V groove of 
the locking block and are arranged to co- 
operate therewith, and obliquely opposed 
openings formed in the head communicate 
with the longitudinal bore of the head ad- 
jacent the oblique opening in the locking 
block whereby an electrode can be op 
tionally locked in the V groove in the 
block and the first-mentioned set of open- 
ings, or in the oblique opening in the 
block and the set of obliquely disposed 
openings upon turning the handle shank 
in the head to move the locking block out 
wardly 
2,386,399 

Honel A 

ventor 

In the 
covered in this patent, jaws are adapted 


WELDING ELECTRODE HOLDER 
Jackson, Detroit, Mich., Jn 


holder for welding electrodes 
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to grip an electrode therebetwee 
pivotal connection being provi 
tween the jaws in the form of a 
tending inwardly from the out 
one of the jaws and spaced longit 
from the outer end of the jay 
tioned entirely within the side 
jaw An opening is formed in 
extending outwardly from thx 

of the jaw and communicatins 
socket. A pivot member exten 
the socket and opening and 1 
the other jaw between t 
thereof but pivotally bears in t 
the first jaw whereby the jaw 
swung about the pivotal « 
open the same for reception of a 
The pivot member extend 


perpendicular to the axis of piv 


jaws 
FLASH 
MACHINI Emmett S. Elli 
to Kelsey-Hays Wheel Co 
Mich., Jnventor 
‘his patent protects a weld fla 
mer including a cutter head, a « 


carried by the cutter head and 


along one side of the work acro 


cutter blade carried thereby fo 
along the opposit T of the 
its weld. Mea on the fir t 


ooperate with the first-mentio 


blade to position the work pr 
vith relation to that cutt 
blad Means also are provid 
ing the second cutter head with 1 


head cooperate with it to positio 
dominantly with relation t 

The trimmer is I 
moving 


cutter blades across the weld 


Hoop; Sta 
Carlson Jnventor. Assigned 

Weld Corp 

An attachment for a weldet 


covered in the patent Che att 
comprises a housing for attachn 
inner side of the front wall of a 
aligned window openings § ar 
therein 4 dark glass panel 1 


positioned in registry with such 

pecial mountins 
enable it to be move 1 out of regi 


the windows, when desired 


2,.387,067—WELDING APPARATI! 
bert P. Heath and Keith A 
Inventors. Aszigned to Western | 
Co., Inc., New York, N. Y 


This patent covers apparatus [or 
welding rods or wires and includ 


tively fixed clamping jaws for clamp! 


wire in position to have another wire 
welded to it. A set of relatively movable 
jaws, for clamping the other rod ir 
in alignment with the first-ment d 
wire and supporting means for the rel 
tively movable jaws, so that they « 
moved toward or away from tl 

jaws, are provided. Gage means, ! ; 
to a po ition between rods held 

jaws, are present in the apparat 
gether with an adjustable ab t 
member on the gage means for posit g 


the relatively movable jaws with relation 
to the relatively fixed jaws. 


VA 
. 
t 
| | 
I is 
a ya 
the first cutter head and toward t! 
E ee and further means on the second 
| 
f 
| 
) 
4 
| 
} 
19. 
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b “50-50”... Ze hoped for 
7s LOOK, KIDO, how users of the new ‘“‘Fleetweld 47” 


get uniform, high-quality welds for an extremely wide 
range of application: 


N i 
© compromise 
with “FLEETWELD 47” 
f aes new Lincoln shielded arc electrode provides an ease of opera- 
tion never before equalled for all-purpose we/ding—in all positions 
with A.C. or D.C. Especially suitable for fillets. eo y” 
“Fleetweld 47” gives a bead of excellent appearance and good Y (A 3 DOTS... the sign « 
slag coverage with slag almost self-cleaning. Easy control of J genuine “Fleetweld” Elec- 
shape of bead in large fillets in all positions. 


world leade» jor 


SPEED... OUALITY... LOW COS1 
Full details and procedure. Write for free proce ' 


Gure Dulletin. 


Discover how to lick welding jobs with 
Rod Kit. 79 sticks of electrodes for 17 different 
kinds of jobs in steel, alloys, cast iron and hard 


facing. Procedure manual included. Only $1.50 


postpaid in U. S. Mail the coupon 


THE LINCOLN ELECTRIC COMPANY 
Dept. P-1 . Cleveland 1, Ohio 


Send Rod Kit for $1 CO.D Bill 


THE LINCOLN ELECTRIC COMPANY 
Dept. P-1 ° Cleveland 1, Ohio 
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2,387,112—WeELDING; William Ogle Ben 


nette, Jr., Jnventor. Assigned to Hamil- 


cludes an 


ton Watch Co., Lancaster, Pa 1 plunger, having one beveled end, operat aw 1s provided in the slot and it 

A welding apparatus for butt welding ing within the tubular conductor An toward and from the electrod 
hine wire is disclosed Phe apparatus in open-ended id is tiltably mount ) iolder 1 mpleted by a rot 
cludes a base, a stationarv vi secured te me end of the tubular conductor and the leeve member urrounding 
the base, and a movable vise pivotally beveled end of the plunger extends ther movable jaw and having interna 
mounted on the bass Kach of the vises into. The plunger is adapted to clamp an mnection with the jaw for act 
includes a stationary jaw and a movable electrod etw t eveled end a the 
jaw and cam means are provided to for head lhe holder is completed by means 
the movable jaws agai \ f f ger into tl i 

tationary jaws although springs normally 

SYSTEM OF AR 

hold the movabk iv fro + 
‘ Craig Thomson, Boston. V ent 

Ma i cr 4 
stationary jaws has a groove formed sage ervice u et 
therein to receive th wit Lo 

rica ircuit 1 hown in the pat t he 

nad mews n f +] abl AU rA 
ind a tongue on each I Wabi lud ntral ‘ 1-shaned SERVIC ES AVAII ABLE 
en the groove in tl tationary ja , 

) lar ) 
to lock th Vire there 1 i Dos! \ ’ i i 

i! tl il mau 
tl tationary vi 1OV \ ind Oxv-A \ 
Vi ilig lat at o i ya 
ray 
t vo v1 t 
i) i 

tat1o ry i il t ilig 
i i VI ( I ) 

) et 1V il 
lea ly 
Lally ) I 

ire ends i sto 
i i i \ 
Ty 
of \ 
mary 
Al 

Z,05/,109—] I H y ( 

Morfor M i l 

I l ) 


conductor disposed within the handle. and elect 


insulated handle, a tubular lot which merges with the 


rode bore An electrod 


BOSTON G. W. Bo 
About 125 members and est tt Al 
the Nov tl | 
‘ ( () ) SU 
Engineer Club, Bosto 
Ce Consulting ] i 
| Co (; ( co 
In Electric Co., Cl 
ul How \ | | | 
Welding; P m and 
trol of Distortion in A V : 
his talk. A Go W 
\T 
follow Mr. Co v's tal 
) Ha fes ( 
CHATTANOOGA CHICAGO 
The October meeting wa held on the Mi ~ I i i \ | | itv-Fil \ Ver 
th at the Chattanooga Golf & Country empha t i ‘ i la vas hel 
Club. Frank E. Thompson, Ir., President difleren¢ ty el tio October 
of the Thompson Engineering Co., Grand trod h i j G Ball Roo QO 
ids, Mich., talked o1 Underwater had la | rl rogran ) 
g and Salvage Operations at Pearl I ight ‘ eT i v ul by ¢ J leG 
‘ iddre ol ve] (; 
Being a native of Honolulu and*havin The meeting preceded by a di r intro ion of t \ * 
been present there during the Ja 1eak it which 2 ib ind guest ve! An Honor to th Four 
attack on Dec. 7, 1941, Mr. Thompson pt nt Jardi introduction of D 
was well qualified to give a word pictur: Thomas by R. E. McFarland; A 
of that historic day. He told much about CINCINNATI in Research by D Phill 
the inhabitants, beauty, industry and lhe monthly meeting of the Cincinnati Songs by the International H 
government of the Hawaiian Islands be section was held on October 30th at the Octette Dancing Music by 
fore Pearl Harbor Day, and how the sal- Herman Schneider Foundation Margraff and his Orchestra 
104 
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SECTION ACTIVITIES 


it’s time to change... 
Y wouldn't think of using hard-on-the-eyes, bothersome, 
nefficient kerosene lamps in your plant... yet they are no 

re behind the times than many of the fabrication methods 
ise today, when compared with the modern Unamatic 


Are 


Arc Welding processes. 


Substantially lower costs, as a result of speeding up arc welding 
300% over the manual process, are one of today’s most 


rtant advantages of Unamatic Welding. Lower materials 
id improved quality are other reasons why many plants 
turning to this modern process as they gear up for in- 
singly sharp competition. Obviously, the time to adopt 
modern process is during, not after, reconversion. 


Without obligation, we shall be glad to survey your plant to 
letermine the advantages you may gain by employing the 
namatic processes. Write or wire for one of 


tield engineers to call... by appointment 


UNA WELDING, INC. « 1615 Collamer i 
Avenue * Cleveland 10, Ohio 


UNAMATIC HEAD 
FOR “CONCEALED 


flux) Automatic 


Arc Welding. 


ARC" (lightcoated 
wire and granular 


UNAMATIC HEAD FOR 


coated wire 


UNAMATIC HEAD 


FOR “OPEN ARC” 


(light 


wire) Automatic 


Arc Welding. " 


WEL 


ADVERTISING 


coated 


Automatic Arc 


4 “PROTECTED ARC’ 


light 
and tape), 
Welding. 
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Copy of Mr. Bassler’s talk was published 
in the November issue of THE WELDING 
JOURNAI 


CLEVELAND 


The opening meeting held on October 
lOth was very well attended, some 125 
people attending the dinner and more than 
400 heard the main speaker of the evening 

As a coffee talker, Dr. W. P. Edmunds 
spoke on ‘‘Good Health in Middle Ag 
His talk was very spicy and very interest 
ing. His background and varied « 
a Major in the Infantry of the A.E.F. in 
World War I and Director of War Man 
World War II and 


manager of the Industrial Relations de- 


power in this area 


partment at Standard Oil Co. for a number 


of years gave him a background from which 
to speak on the subject he had chosen 
rhe main speak f t vening was 
David Dietz, s itor of the Scripps 
Howard wspapers, who talk ) Phi 
Coming Era of Atomic | gy Mr 
Dic vith a international ret ition 
as o of the world’s for ) ypularizer 
ducationa \ g He gav variou 
con iriso i to i 
atomic power im t . 
bouler a y ) sa ) 
Mr also str t at 
not wr y 
itio 
Hi i ‘ " y ) 
ty su is Wi i \ y Mer 
Dietz told of tl Ok h i ) 
leted titled lion ner 
mur Fer vhicl wa I for 
publication on October 20t! He a 
discussed the atomic bomb that ended 
the war with Japan, th cientific 
searches that led up to it, and their mea 


ing for the future of America and tl 
world 

With this fine and inspiring meeting, 
the Cleveland Section got off to a flying 


1 


start and is looking forward not only to 


building up its membership, but to having 
entertaining meetings for the remainder 
of the season 

‘Distortion in Welded Structures 
was the subject of a very interesting meet 
ing held November 14th by the Cleveland 
section 

G. Fitch Cady, welding supervisor for 
the Chicago Bridge and Iron Co. at 
Chicago, spoke on this subject and a 
ound-color motion picture, The Pre 
vention and Control of Distortion in Are 
We Iding,’ produced by The Lincoln 
Electric Co. in cooperation with Walt 
Disney Productions, was shown 


Mr. Cady, a graduate of Rensselaer 


Polytechnic Institute and formerly with 
Chicago Bridge & Iron in their Green 
ville, Pa., plant, gave an excellent talk, 


well illustrated with case histories of 
various problems of distortion and sug 
gestions as to how they might be met 

he motion picture shown presented in 
simplified, yet comprehensive form the 


many variables present in the problem of 


distortion, and reduced these variables to 
their simplest elements, outlining three 
main rules to follow in tackling any 
problem of distortion 
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Speaking at dinner was Common Pleas 
Judge Julius M. Kovachy on the subject, 
Psychopaths, Who Are They?” Judge 
Kovachy, formerly a research chemist at 
Westinghouse and Grasselli Chemical 
Co., was former Chief City Prosecutor 
and has been Judge of the Municipal 
Court for 15 years 
rhe educational program for the 1945 
ti} season was announced by Chairman 
Frank J. Maine, Republic Structural 
Iron Works The first meeting was ot 
November 5th when L. kK. Stringham, cd 
velopment engineer for The Lincoln Electri 
Co., spoke on “‘Fundamentals of Weldi 
Electrode Selection 


are planned through the months of Noven 
b December, J tary and February 
covering all phas« ta ind ga vel 1g 

und related welding proble1 

\ lal ight veek course devo 

entirely to resista yvelding Na 
b d, ring spot w 

tin id 

Clevelar Section of Wel 
ha il ) a ta \ 


ing Society ill i! 
lowntown area i t for illy 
lt h once a we 
COLUMBUS 

The Nov ) d 
wt it ft Hot i 

y D. H. Corey Detroit Edison 
Mr. Corey 1 ‘Welding Piping fo 
Sev Service Cor on Mr. Corey 
\ T i 
DETROIT 

LaMotte Gro Welding Eng 

Air Reductio | i t} 
Saginaw \ illey Divisio at Frank 
y Thursday, Octobe Ith, and t 
Detroit Section at Detroit on Friday 
October 12th A special invitation wa 

‘tended to members of the Americar 


Detroit meeting 
In his addr Mr. Grover discu | 


typical examples of the utilization of weld 
ing in the fabrication of ships, bridges an 
buildings. He mentioned some of the re 


search projects, sponsored by Welding 


Research Council, the aim of which is to 


add to our understanding of the perforn 


ance of welded joints under load, and 
thereby enable u to design mor 
effectively for welded fabrication H 
emphasized the importance of the super 
vision and inspection of the operatio 
vhicl re de actual wel 4 

Considerable di io ollowed b 
presentations, an evidence of the interest 1 
Mr. Grover 


HARTFORD 


W. J. Conley, Consulting Engineet 
The Lincoln Electric Co., spoke on “Ar 


Welding, How It Affects the Design of 


Machines and Structures,’’ at the Novem 
ber Sth meeting of the Hartford Section 
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ing of Aluminum at the February 98 


meeting 


INDIANA 


26th at the Y.M.C.A., at Ar 


Phere was no meeting in 
Heliare welding will be py 


lhe Linde Air Products on Ja ry 17 
H. Hoaglund will speak on Ww 


Che October meceting wa 


Following the dinner, tw 


tures were shown On the 
Washington Ch itio ( 

\. M. Setapan, of Handy a 
vy York City gave 
talk on “Silver Br ge 

proce Wa cxtefsi 

g the war and played a 
dart in the production of the ato 
and the radio proximity fu \ 
part lor ly 1 i Iro ) 

quired onsiderab! 

\ placed by equivalent 
g gether 
i ing therepdy T 

lver izing a i 
) il part it 
i ised 1 , 

SO ld l ich ly 

g wu to advanta 

il ri t 

geratlo il! ) 

la inufacturing 

Mr a talk 4 
LEHIGH VALLEY 

Ch gular ymithly 

illey Section 

vember Sth, at H 
Bethlehem, Pa ( i 
wortny Ma la 
of the n Here's 
Oxyacetyl ré ire wel 
1 i by A. R. Lyt rf 
Lar itl Larbo 1 
t Che sp ‘ vh +E» 
an be ide without the u i 
Va hasiz 1 Thi 

ised very ccessfully 
rails, pipe and landing gears of an 

A dinner preceded the tech ote 
ing and a colored sound mov eff 
Jack how11z the latest ve oF 
nining, wa t 
t courtesy of th Ingersoll-|! ef 

se 


On October 29th tl | 
tertained J. H. 
of the Metal and TI 


their regular monthly meeting 


Weldi ind Its Relation t 
Shipbuilding Field Ch 


Mr. Deppeler was called upon 


innumerable question 


< 
“aN 
M 
: society of Civil Engineers, the American 
; Institute of Architects and the Associated 
Steel Fabricator f T)etroit atte 1 the 
LOUISIANA 
mit ( 
2 
Fis 
i totaied oS and the quality of 1 
ance is best exemplified by the 
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Here's Why Production Bosses Like Taylor-Winfield 


. *lower Power Costs are 


kinds 


ure 
ing fixt 


Hydraulically Operated Welders 


* Extreme Flexibility of Operation is accomplished by Taylor 
Winfield’s hydraulix 


enced operator can turn out precision welds every time 


control no guesswork even an ineapert 


*Better Weld Quality due to Taylor-Winfield’s design of horizon 
tal fixtures... will produce a more even heat through the work section 


ind closer work tolerances 

1 real short cut with Taylor-Winfield's 
efhaent electrical circuit 

accessi 


* Faster Operation 


lity of controls 


ease of loading and unloading . 
high speed clamping and unclamping devices 


*Ease of Operation 
Automatic, 


4 


operator has choice of fully automatic, 
or manual operation on a Taylor-Winfield hydraulix 


itt resistance welder 


HERE’S A POWERFUL SHORT CUT 
TO LOWER PRODUCTION COSTS 


Here’s a high speed, major production machine de- 
signed by Taylor-Winfield for one purpose 


duction costs. 


to cut pro- 


No other butt welding process offers such flexibility for 
welding different sizes and shapes of similar or dissimilar 
materials. Taylor-Winfield has long been a leader in the 
manufacture of this type of welder. 

You can effect substantial savings both in machining 
and material by using flash-butt resistance welding for 
joining two or more simple forgings or stampings to ob- 
tain a complicated assembly. 


Taylor-Winfield’s flash-butt welders are used for solid 
rounds, flats, rectangular, tubular and other sections, 
structural shapes, stampings, forgings, irregular shapes 
and long joints. This method is particularly effective as 
a means for welding joints over a wide range of cross 
sections. 

Draw on Taylor-Winfield’s 40 years’ ex 
perience as a pioneer in resistance welding. 
Helping you keep your production way up 
and your costs way down, is Taylor- Win 
field’s business. 


The Taylor-Winfield Corporation 


Warren, Ohio 


ef 
Send us bulletin on Flash-butt welders 

Name 

Company 


Address 


City State 
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LOUISVILLE 
icc ( 
4 y 
al 
g 
rt 
ugh wh I they 
1 irt 
| ing the gu ik t 
\ cofi speaker, Earl Ruby 
vinning sports writer for 
introduces y R. ] 
Fritsch, former Presid ] 
It Ruby, in his orot 
Tashi took the crow g trving 
ré w of the best co 1 ill i 
i vou up with his ¢ f ga 
up east 
Following the eaking progra th 
wly elected o rs of tl Lou l 
section were install Tho 
] € Organization through it 
vear of existen are E. H. Dilly of Tu 
ry In Chairma» g Theo 
mT Lewi former Superintendent o 
Oxy-Acetylene Welding at Jeff vill 
Boat & Machin 1 Lining 4 
W. W. Plinke, of Henry Vogt Machi 
Co ‘1ce-Chairman, and R. E. Mor ) 
t Kentucky Metal Pro Co 
“rer 
ihe 1945-46 Board of Dir 
M. I Layfield, Ameri Bur 1 of 
Shipping; Wm. Dettmar, American Air 
riiter Co W \ VMivelaz Indu trial 
Oxygen Co K. M. Murphy, Mar 
ric Co Power America 
Air Filter Co Mu ray Davy | lerTso 
joat & Machi 
MILWAUKEE 
The Milwaukee Section m it ti 
Ambassador Hotel on Frid Oct 
26th James B. Quigley, Welding | 
er of the Graver Tank §&§ If; Lo. ol 
East Chicago, Ind., ga talk on f] 
‘ rol of Autor atl We 
imely subject was discussed y | by 
ir. Quigley and gave t emb 
bilizing factor in t ontrol ol 
\utomati Welding for hi ostwar 
riod 
he series of five educational ting 
i tarted on Pur «lay, ith 
it e Marquette University uilding 
C. Bibber of the Car Illinois § 
orp. gave a very interesting talk on Wel 
ing Pro« and Symbol 
NEW JERSEY 
Che October meeting Wa held on th 
l6th at the Essex Hou ¢, Newark ] 
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A fil Prev 1 Control of 15th 
Distortion in Are Welding,” was show Professor Wendell F. H 
throug the co y of The Li i} laer Polytechnic Institut 
I Co., Clevela Ohio t of t SOCIET 


tl ( gie-Illinois Steel Cory , Pitt Welding it th ovember } 
! g Pa ) th ib t Ch 
Vario Welding Pro s—Their Classi 

ition and Relatio to Each Other PITTSBURGH ‘ 
Mr. |} ilk was giv from the new ‘ 
mast of the welding proc ith Anniversary Meet 
Chis chart is being pr pared in connectio Pittsburgh ction, scheduled 
vith the D io ind Chart Con lay Night, November 21, 194 


of that date bei 


ksgiving Day, at 


NORTHWEST 


ittend 


town quests, ar 


rhe new 


Iron Chicago is the guest speaket lri-State Conferen Apt 
it th ovember 7t] ing held in tl Definit formatio ill be avail 
M Lounge, Cof lemorial Union neetl 5 
Univ y of Min: ta Mr. Ca is add | by J. H ) 
Distortion in Welded Stn v1 Metal & Cher 
i led interé to all Yo 
Jack E. Williams of The Li \ Welk 
Prod Co Minneapolis, | ) 
la 1 Chai ul of t Minneapoli F 
M hip Co itt if PORTLAND 
lly 
ror the ty 
fit ting of Po 
t \ ield in the Cong 
NORTHWESTERN PENNSYLVANIA \ iy, Octob t I 
i yu } 
oO th rt tj 
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) if i \ v Hig Cor vay ill trat 
I Pa I en lara rict if 
Ludi ol o 40 le te 
Li ) ric Co. o J 
i t in Priva Ent 
ill \ 
OKLAHOMA CITY ind-a perio 
| Mag itl 
Ch ovember St ld at th m Pa la 
Biltmor Hotel, Oklahe City, Okla : } 
i if ) v1 i } i i fier 
M. L. Gordo upervisor, Aviation Wel break« 
Init it ival Air ical Trai 
rma Okla vho poke 
Weldia A wiatinn 
ival Aviatio \ Ia PUGET SOUND 
lispla t wel ult ult part VeT 
he | k | i I] Ie AY 
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PHILADELPHIA ivy Yard, | A 
el iIscu 
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I ig! ro 0 thew it 
H 
1 to rve tho ith sy , ut October 23rd meet 
terest Phese meeting ire epara Club 
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ROCHESTER 


rhe first meet ng of the 1945-46 season 
Chairman Walter Dick of the Odenbach 
Shipbuilding Corp. presiding, was held at 


the University of Rochester with 40 mem 


id-answer period under the leadership of 


one of the Section member wa in 
augurated at this meeting Chis part of 
the program was conducted by Larry 
smith of The Lincoln Electric Co H 


passed along some pertinent advice on 
weldability and answered questions rela 
tive to this subject. It is hoped that this 
informal period will stimulate interest in 
meetings and encourage participation in 
the discussion period following the featur: 
peaker’s presentation 

rhe second item on the program was th« 
howing of the Lincoln Electric Co.’s film 
on Prevention of Distortion—a very good 
educational presentation of the subject 

As the feature of the evening, Ral 
Pelton of the General Electric Co. at 
Schenectady spoke on the Application of 
Different Heating Method of Brazing 
His talk was highlighted by many slide 
illustrating practical applications of the 
various heating nethods to pecitic 
fabricating problem 

rhe following new members were intro 
duced to the Section Kdward Kobu 
Delco Apphance Co Walter Glover, 
Odenbach Shipbuilding Corp Charl 
Lacy, Odenbach Shipbuilding Corp 
Albert Keller, Odenbach Shipbuilding 


The November Ist meeting was held in 
Lower Strong Auditorium, University of 
Rochester, following a dinner at the 
Powers Hotel 

r. B. Jefferson, editor of The Weldin 
Engineer, gave a very interesting talk on 

Present-Day Welding Possibilities.’’ He 
painted a favorable picture for the use of 
metals, and of course, welding, for thi 
future 

Robert Cattanach, of the American 
Laundry Machine Co., Rochester plant, 
gave a short talk on the numerous product 
his company manufacture He also spokt 
ibout the metals and welding processt 
used in their construction Mr. Cat 
tanach is Past Chairman of the Rochester 
Section 

Also on the program was a movie en 
titled The Story of Arc Welding 

Seven new members were welcomed at 
this time 


SAINT LOUIS 


The St. Louts Section held it first 
regular meeting of the 1945-4 isou at 
t he Engineer Club Auditorium = on 


October 12th 

Approximately 60 members and guest 
were present. Walter Brooking discussed 
the Economics of the Arc Welding Proc 
Che meeting was presided over by Gayder 
Derickson, our vice-chairman, and the 
guest speaker was introduced by A. WW 
Harri Mr. Derickson’s opening remark 
inaugurating the coming season, included 
the Section’s feeling of deep loss at the 
death of Stu Evans, our past-chairman 
We all felt that our Section enjoy: d one of 
the most successful years under Stu's 
effective leadership 
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Mr. Brooking's discussion was prec« 


by a film covering the operations an 


appli itions of weldi g equipment made by 
L. G. LeTowneau, In he film served a 
im interesting and fitting background for 
his ensuing remark 
SAN FRANCISCO 
The Octolhs 1 t g of the AMERICA 
WELDI CIETY, S francisco Sectior 
i hel it the | C] 
Francisco, Calif., o Monday, Octob 
22nd, Chairman Leo Berner presiding 


l 
[There were 43 members and guest 


described the beginning of the AMER 
WELDING Society, and tr 
igh two World Wars, up to 


+} 
pre t dat 


Welding En er for the G ral El 
Co ol Se hi tady Y ) iki 
the ew AMERICA WELDING Soc! 
pecificatio for at elding eclectroc 
Mr West irp very interesting t 
was well received, and to many hi 


Che meeting adjourned at 9:30 P 
After the meeting tl 
ture entitled “Electroni Control 
Resistance W 


elding,’’ was shown. 


SOUTH TEXAS 


The South Texas Section announce: 


election of the following officer i! 
mittes for 1945-46: ( 
Klauberg;: Vice-Chairman, C. G. Alh 
secrelary-Treas., A. E. Wislet Dire 


lo serve 2 year Roy E. Hall, S. I 
Donald, C. C. Goolsbee, G. L. Wiley, 
L. D. Sugg, Gil V. Dye Directors servin 
l year Harry Smith, G C Steffer 


Program, |! H. Co 
Entertainment, Lloyd Daigle; Member 


Gil V. Dy lechn G. L. Wiley 


TIDEW ATER 


le 


irt 


The first meeting for the current year 


the Tidewater Section was held on Oct 


9th in the Fleet Reserve Hall, Portsmouth, 
Va J. A. Duma, Metallurgist, Norfolk 


Navy Yard, was the principal speaker, o1 


the subject, ‘‘Welding Metallur 
he illustrated by use of the | 
Approximately 30 members were pre 


and the lecture was enjoyed by all 


WASHINGTON 


The Washington Section held it 


regular meeting of the 


Tur lay, October 30th, at the Pe pco 
Auditorium. The speaker of the even 


George N. Sieger, Vice-President of 


A.W.S., developed his topic ‘Resistance 
Welding in Theory and Practice’ with con 


siderable force 


A large audience received Mr Sieger’s 
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if 


alway 


vigorous and sometins ack 
good natured resent 
nthusiasm and participated t 
ring the talk and in later di 
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Jar 29 Wel 
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i and Research Dir 
ounders Soci of Ameri 
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) 6—‘Welding of Hig 
Piping,’’ Donald H. Corey 
Engineer, Detroit Edi Co 
Mi il 
March 26 Weldin f Cop; 
Copper-Base Alloys,”’ F. | 
riott, Development Manager 
Metal Co., Milwaukee Wi 
April 30 Submerged Are \W 
Jai Pri 
Lincoln Electric ¢ levela 
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DECEMBER 


} 
attendam 
: rhe coffee talk presented by K. V. King 
‘ Material Engineer of the Standard Oil Co 
- of California, and director at large of the 
AMERICAN WELDING SOCIETY was as itl 
formative as it was interesti: Mr. King 
| 
| he et 
he technical talk for this meeting wa 
presented by H. O. Westendarp, Electric pee 
tri 
ry 
alk 
: course on the meaning of A.W.S. Classi 
hceation wa lation 
M 
ot 
| the 
m 
ma 
q Walter Lotte, W 1 Hudson, L H 
eee Courtright. M. P. Har Committ 
+ 
Equipment Co 
ley 


\ seven-foot fracture in this 6-ton press col 
mn threatened o serious delay in produc 
tion. Tobin Bronze repair welded, the col- 


umn was ready for assembly in three days 


Bronze Repair Welding 
becomes increasingly important 
WITH REPLACEMENTS taking weeks or tion parts and equipment i for build 
months, Bronze repair welding is being ing up worn surfaces 
used on an ever-increasing scale for re Almost any part made of cast ir 
claiming broken, fractured or worn steel, malleable iron or copper alloys 
equipment can be Bronze welded quickly, depend 
Bronze welding is not new. For years ably, and ata fraction of the cost of new 
this method of low-temperature repair replacement parts. For detailed infor 
welding has been used by many shops mation on Anaconda Bronze Welding 
a to salvage costly machine tools, produc Rods, write for Publication B-13 
ANACONDA 
THE AMERICAN BRASS COMPANY—General Offices: Waterbury 88, Connecticut 
Subsidiary of Anaconda Copper Mining Company * In C.n ANACONDA AMERICAN BRASS LTD., Neu Toros Ont 
445 
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Technical Committee Activities 


By H. O. Hill, Chair 


virman Technical 
Activities Committee 


INTRODUCTION 
While the activities of the 
hnical committees have 
primarily toward matte 


nical Committe is adopted to provide 
more readily for the reorganization of 
SOCIETY technical 
been directed 

of aid to the 

war effort, the Technical Activiti Com 

mittee, in anticipation of the needs to be 

inet in the postwar period, has also given 
onsideration to several matter 
permanent nature 


The needs of the war effort h ive | 


Commiuttes \-] 
a 


Bridges and Buildi 
tion M. Diebold, 


where such ac 


; of a more 


met through cooperation with govern 
agencies and assistan¢ industry 
equired; the needs of industry in th 
twar period have been anticipated by 
Organization of several 


and the institution 
tin 


of 1 


new projects 


g technical committe 


LDMINISTRATION OF TECHNICA! 
ACTIVITIES 
Recognizing that the pr 
tandards prepared by th 
an important 
consideration 
by whi 


Couid 


ol 


‘ommiitter 
fe in namie 
of Work to 

Sommitter was 

of satisfactory 

rial period of one ye 
Subcommittee was 


ar, an 
appointed on Sep 
tember 14, 1944, to act for t} 


he Technical 
Activities Committee in guiding the tech 


nical committee activities of the Sov LETY 
the periods between regular meetings 
Committe 


\ ntative 
personnel of sever: 


IL the les Were appointed during 
vere revised to be more representative of 
those interested in their work, and a 
revision to the Rules to Govern Organiza 


on committe 


appointed to repre 
tion, Functions and Operations of Tech 


POCIETY on Subcommittee IT of 
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Ctur 
ira 
ter | 
pomted to represent the Sociry 
committee on R pair of Defect 
motive Malleable Casting 
committee on Repair of Def t \ 
motive Steel Ca ting ol th \ _ 
War Engineering Board’s Tro; 
; Recognizing the increased interest and Committee 
applic ition of welding by the automotive 
industry, an  investig iting committe 
Wa ippomted on September 14, 1944, to 7) 
present suitablh ope and personnel of \t the request of the U.S. A Or 
a an AMERICA WELDING Society Auto nance Department two drafts of 
tl motive Welding Committe: Acting fa tions prepared by that agency 
: vorably on the recommendation submitted, mitted to the members of A.W 
: the Technical Activities Committee ap nical committee tor com! 
' proved organization of this new commit ygestic tor revision Propos 
te on December | Final il cal Welding of Co tructio 
i proval of the Board of Directors was ol Electric-Arc, for Mar ve 
ee tained o the following iy, and the u {ted to1 bers of the Co 
Committee has already egun to tunctior on W ling in Marine Const t 
SOCIETY better be brought to the « 
ittention thy membership-at-largs As a result of compr ve Inve ga 4] 
to others interested he ipplica t10 thi Pechnica Activiti Com 
' tions of welding. To thi two action lecided that a ( existed for a 
vere undertaken \ display of an of cal cor ee O brazing ( +] 
3 tional chart was prepared on which Bty on September 14, 1944, action R 
the technical committees of the Socrety Vas taken to formulate suitable scope and 
ariel «tthe public prepares Vv then pel ol \MERICA WELDI 
i were arranged Chis was set up near the 1ETY Committee on Bra ¢ Che 
: registration desk at the Annual Meeting wert eration of the 
Jy of the Socrrety and was 1 ive vith Pechnical Activitie Committee on Dr 
onsiderable interest Consideration wa cember and were approved at 
given to publicizing ode that tin approval of the Board of 
War Plants Corporation, orga 
through the local Section It was de irector is obDta ad on the tollowing ( 
ided that release on thi ode hye and t committee has already gut 
: prepared for distribution to Section Of to function 
: ficers with the request that a portion of ae 
ocal ection meeting be devoted to ippointme +1 
bringing these matte to the attentio 
| + Of their member Plans are under way In order to determi: the need for a 
‘ 
now tor carrying out this activity during technical Nnmittee on w itter 
the forthcoming year nu the railroa ndustry mipreh ve 
DARI AND RI 
rhe functioning or the Pechnical Ac tigatior vas pursue DY an inve PA 
; tivities Committee was the subject of con yating mmmitter onsultation wit 
ideration on two occasions and a 1 re railroad engineer In view of the ‘ na 
b ult two actions were taker At a meet read agreement that such a committe: ' 1 
r on December 14, could rve a very desirable purpose, suit , 
roved during the past year 
from Committee abi cope and person ol at AMERK A? 
a Technical Activi WELDING Soctety Railroad Welding Con \ standard method for condu 
lopted () the mittee were ibmitted to the Technical lee-Ben lest, 1 i a crit 
ricnce during a Activities Committee on June 11. 194 comparative veldability, wa 
us t and were approved at that tim | al and includ in the Standard M 
} approval of the Board of Directors wa for Mechanical Testing of Weld 
- obtained. on June 28, 194 », and tl Con AW 1W.W.A pecihcatio 
y mittee will begin to function soon Field Welding of Steel Water Pips 
rhe following standards wet 
Cooperation win Uther Soctetie: and reissued duri gy th past year 
of lentative Specification for Ir 
the steel Arc-Welding Electrodes, A2 
revision also includ t he 
* to the Classification of Iron a 
di Arc-Welding Electrodes, prepa! 
assist potential users of these el 
1945 
: 


23 YEARS AGO A. ©. Smith's unending research 
to improve weld quality, uniformity, and tensile 
strength produced the now standard process of 
applying heavy coatings to electrode wire by ex 
trusion. Weld porosity was virtually eliminated 
and SMI THway welds developed tensile strengths 
substantially greater than the parent metal 


THIS YEAR the continuous march 

of SMITHway welding research 

toward a combination of high strength, high 
luctility, and utmost dependability — makes possi- 
le the mass production of welded landing gears 
for heavy aircraft such as the B-17, B-24, C-47 
and B-29, using types of steels not previously 


welded in production. 


In its own plants, on parts and products of every size and 
shape, large and small, A. O. Smith uses more than 320,000 
SMITHway Electrodes every day. Millions more are used 
in the plants of other manufacturers. 


And while constant production proves their quality and 
uniformity, constant research in A. OQ. Smith laboratories 
seeks to improv e still further the electrodes that are made 
hy welders jor welders. 


For detailed specifications on SMI THway Certified Elec- 
trodes and their application to specific welding jobs, send 
or the SMI THway Welding Catalog. 


Mild Steel... High Tensile... Stainless Steel 
WELDING ELECTRODES 


1H ¢ or ity 


NEW YORK 17 PITTSBURGH 19 @*# CHICAGO 4 e TULSA 3 
HOUSTON 2 DALLAS 1 LOS ANGELES 14 SEATTLE 1 


INTERNATIONAL DIVISION: MILWAUKEE 1 ” in Coneda: JOHN INGLIS CO., LIMITED 
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in determining the classification of elec- 
trodes best suited for the d 

Code of Minimum Requirements for 
Instruction of Welding Operators: Part 
A-—-Are Welding of Steel to */,-In 
Chick This standard has been revised 
and elevated to the status of a full 
ard of the Soci ry 

Phe following stand; 
receiving consideration nical 
committees and aré pe to be avail 
able before the close of the p: i ul 

Tentative Specifications I Weld 
ing Rods for Wrought Aluminum and 
Aluminum-Alloys 

Tentative Recommended Practices for 
Resistance Welding his standard will 
comprise a group of recommended prac 
tices covering the spot and seam welding 
of low-carbon, stainless and low-alloy 
steels and nickel and nickel-alloys: projec 
tion welding of low-carbon and stainless 
teels; flash welding of medium forging 
strength steels; methods of testing re 
sistance welds 

The Emergency Standard “Ordnance 
Inspection Handbook for Manual Metal 
Are Welding,” prepared in 1944 and sub 
mitted to the U. S. Army Ordnance Dx 
partment for publication and distributi 
among its $01 , 1S to be issued shortly 
by the Society and made available to 
industry 
Re port 
Y has been ; in the 
preparation of the American War Stand 


on resistance welding equipment 


The Soc 


pec ial ubcommittes appointed by the 


A.W.S. Resistance Welding Committe 
undertook the preparation of the 
pertaining to resistance 

trodes and electrode 

American War Standard 


“Straight and Offset Resistar 


ne 
Electrodes and Electrode Holder 
standard together with two other 
ing resistance-welding machines, and 
trols for resistance welding machines hav: 


been submitted members of Sectional 
Committee C-52, Electric Welding Ap 
paratus, of which the Socrery is spons 


body, for re vir W and comm I reparatory 


of American Standards to 


the above Americat War Stand 


l'o provide in a ar man for the 
American War Standard, 
tric and Gas Welding and 
ha recommended to 
organization of a sectional com: 
safety in Weldir 


l 
bod 


g and has offer 


should all 


CONCLUSION 


lhe Technical Activitic 
incerely believes that it ha 
through the ace omplishme1 
year m realizing further 
activities of the techni al comm 
; of the Socrety. It is hoped that this 
report will serve to substantiate this 
belief Due acknowledgment is made to 
all who have served to make these 
complishments possible 
Where further information on a par- 
ticular activity is desired, it is suggested 
that the report of the technical committee 


1234 


concerned be consulted The individual 
reports of the technical committees 
which follow will also show the work now 
in progress 

In passing to a new year in the Socrety’s 
activities, it is resolved that the Te hnical 
Activities Committee, and through it all 


of the technical committees of the So-. 


will continue to render service to 
technical needs of the nation’s indus 
in keeping with the AMERICAN Wr} D 
SOCIETY'S position a authorita 
information on the sound 


lication of welding 


REPORTS OF INDIVIDUAI 
TECHNICAL COMMITTEES 


general mee il 4 { the Com 

held on March 14, 1945, at 

M. Diebold was elected Chair 

D. Evans, Vice-Chairman: and 
Greenberg, Secretary. Preliminary 
were mad r the Subcommittee 
men already active, and the statu 


Subcommitte¢ 


inary report, 
if, Na ret 

‘n mailed to the 

final approval before it 


the Technical <Activitic 


ing collect nd . 
R.P.I. ha dy made inform 
investigation 

\ progr nticipated at the 
next general 1 I bu is this is a 
rather involved subject, it v probably 


take some time complete 


We ldi 


A preliminary report was submitted by 
the ubcommittee chairman reviewing 
the work already done by S.A.E. War 
Engineering Board The Main Com- 
mittee Chairman has served on both of 
the S.A.E. War Engineering Board com 
mittees as A.W.S. representative. 
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Spot Welding Strength 


Diebold, Chairman 


Preliminary report was 
last committee meeting and co 


work has been done since that tir 


W 


establi hing a set of spot w 
standards suitable for minim 
able values in shop producti 


hoped to have data con pleted 


the next meeting 


Preliminary report 
General Chairman ; 
ym thi ubject for 

agreed to accept thi 
with the additior 

t as developed by 

\utome 


Committe 


of the 
properly accomp! 
omit tec were di 
committees were organize 
perature Brazing, High Temperatur 
ing and Aluminum Brazing 
On August 2 a meeting of th 
mitte chairmen was held to furthet 
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tiv 
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tandar 
cTal 
ve | 
lutomotive Weldin Commutte ] ADT 1 
Diebold. Chairma>s . 4 
f : ing materials in their new ook 
Ch [wo members of the A.W.S. A tiv 
mitt Committe vill serve on this co tter 
| 
whi ei | 1 
: which has tentatively agreed 1 th 
man 
nan A.W.S.-A.S tandarad tor ft r ma 
repo 
Chait pot Weld Tit ndard 3 
> ol the activities are as mith. Ch Wy 
Che Committe« iS just eye £ 
as to their feeling on t ff vit 
] ili isi bb thy present Mor taner ‘ 
, and the report is expected at \ ay 
rhe prelin meeting 
sented at th 
reworked an pot Weldin f ¢ ; 
it which ti it subcommitt 
ilt Nadi G pointed Inf mation ha 
CH Cvairn 
Preliminary outline of a urvey on t although considerable test 
velding wa presented to the do t he Organizat 
Renerai meeting of the Committee and ar ted by th omimitt 
Mh, proved Work is prog ing and a mor 
iy to the next general meet; repre tative Lippe 
follo A.W tt 
‘ 4 | 
} ry. ry 
A.W Committee on Definit 
Che chairman of thi ubcommitte Chart 
to issua vas appointed at th eral meeting and 
1e ge m ig and | ta ( 
% Co m killer Metal 
Preliminary repor thi ubject eptel r or frst part 
Was it the general meeting and di ral te OF automotiy 
cussed with much interest of een very favorable to tl ) 
; as sponsor interested steels with poor spot weldabilit be- ind it is hope i great deal of x 
parties so desire oO fron t 
( mille n Br tur 
nla? 
Phi Committe va ryat 
purpose of establishing tandar 
recommended practices for the apy 
of brazing 
| 
Ta 


At 


3ER 


1945 


GROUPED about the widely acclaimed Two-million-Volt 


Precision X-ray Tube are other Machlett tubes for medical, 
industrial and radio purposes. In each of these tubes are incor- 
porated the inherent skills employed by Machlett in 

the development of this unique tube. They are your 

assurance of long life, ruggedness 

and dependability in whatever fleld 

they are used. Machlett Laboratories, 


Inc., Springdale, Connecticut. 


(9 RAY TUBES SINCE 1897 
THEIR LARGEST MAKER 
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> i 
group on Light Alloys of t Subcom 
tee ) Low remperatur Rr ing 


meeting which has been tot ( 
mittee membership for approval pri 
ubmitting it to the Army Ordnance: 
visory Committee 
( rer Com» 4 ad 


the past year in t] revision to the 194 
edition of th Specificatio for Weld 
Highway and Railway Br lee er 
194: 

Th work has b en forwarded throug 
correspondence and et if ~ the sul 
committe ind the re idopte 
are to be submitted for approval of t 
subcommittees The entir vised i 
fication will then be offered for co idera 
tion of the Main Committ 

The new edition whet Lie will in 
clude a modification of d lor 
I based on complete 

publicatio of the 194 litior i! 
on recommendatior of railroa i 1 high 
way brids engineet! Rey l 
bei g made to the |} ise metal r 
a d t he ectio on orkma ) 7 lire 

The Committes \ ] oO l 
the revision with as much I " 
possible in order that a revisi c i 
tion may be made available at an early 
date 
Comn m Butrtldir 

ry 

rhe Comn ha devot if ffort 
to the preparation of suita 
code requirement for the control of 
welding in building mistructio \ 
Co tor Arc and Gas Welding in ] ild 
Ing Lo truction ha ‘ prepar 
most recent issue in 194 

In addition to formulat g a building 
code the Committ has endeavor t< 
obtai ic] yptio by ili 
th 4 other od vrit bodic | 
tleor of the Cor rhitte t oe th past 
\ ir nay bet levot larg ly to1 itter 
pertaining to adoption of the Code by 
additional citic in cooperation with 
Local Sections of the Socrers 

Phe ¢ miuittes is be review | 
104 ition of the Code prior to 1 1 

ling its advancement from the it 
ol tiv ta lard t ta lal 
or tl SOCIETY Commi ig ge 
t for 1 on wet vited I 
co ita y of the 
Committ september 

| Cor ittee hi r called on to 
A $.M.] Boiler Code Co 

mittee on a lars umber of technical 


Stor 


consideration and discet 
Boil Code Co nittes 
Among tl 
ud and ire pr 
olve are tl question of 
quirement lor iriou 
pecial reference to wel 
and t Qualification of 
tor hich cor 1 r | 
mittee Usag hav g 
in ctor fron tl 
point Anothe impor 
probl la t he IK 
boiler and pr I 
ing the interch ¢ 
operator t] uestio 
many other i rrelats 
ni Olution t} 
di It uthough th 
bee ind till devoting 
thereto 
Coordinating Cor 
H 4 
Com: itt i 
the following scoy 
lo develop resear 
1, for t 
A.W.S. Star 
The 
lo st progral 
Rese i 
To int ret 1 
ti d, a t i 
use by tl I 
Committ 
i f 1\ or 
i el g probk 
hav tra itt 
Research Council for th 
Lo tte Via il 
I and i 
veloping ral 
pl ib] to the cor tr ‘ 
torage tank , Ope iting 
mospheric pressure or at 
per square inch gage pre 
A pecihcatio entitle 
Field Weldi ot tee] 
1941 a few minor 1 ) 
purpo of clartficati 
May 1942 
followit 
main tank co tt ‘ 
Phe 4.P.I.-A.W ( 
tt m Welded Oi] 
tively advise t Amer 
Institut o1 it te ‘ 
Dank regard ill mat 
Welding 
Ch 1.W.A.-A.W.S 
Elevated Steel Water Ta 
and Reservoirs prepared 
lor tl American Water 
ith the t Elevat 


W ork 
Vo 
milere 
i 


till 
hav 
liffict 
tility 
mist ( 


ller 


ub 
Ver 

\ 
pecin 
f 

rely 

i 


* 


— 
sider the organizatio the Committees vestigation and ri urch and ar Railway Service served in 1 
vy and the Subcommittes on Aluminum 310 the tion of a specification cove: eS 
3 Br Sub storage Tanks for Railway Ser oR 
; iit lat een Was issued in 1943 ’ 
vil t to Che Main Committ 
\ Va to the | Re Committers it pT ares 
request of the A.W.S. Army Ordnance: St ith matter to the 
Advisory Committee that the Committee 1 on coordinati 
; on Brazing prepare an outli for an In Wel pera itions for the field ld 3 
ie pection Handbook on Bra ing for use by ler Code Cor tank : : 
the | Army Ordnanc Department n troubl to rhe Committee held 
A draft of t] mutlir ‘ it that retation view the past vear Chet ver 
1] lear y correspo a 
r to raise in the 
Ad fields concern Co li n r M 
ilified welding Chatrmar 
SU ne Committee on Filler M ) 
le problet that 3 
ie i ha ved fi metal \ revised sta 
( tt ring new standard have be co 
reful attention ipproved by the Co itt 
past year Chey ar t 
catio for Iro ind Steel 
rganized with  Are-Welding Electrod 
se, The progress of the Cor 
irtherance of 
ation ACtIN nmittee [—Iron and 
of research or 
the Weldi: | 
theommit ter ha 
past y ir to- a rey of tl V 
ila thu op 
leveloped. for 
Welding Electrod rial | 
+ ind to the pre irat : 
Guide to A.W.S.-A P.M. 
t he past year of Iron and St Are-Welding ] 
th Which is a discu on of tl per 
ard to 1 ‘ heatio establ 1 | 
4 the Welding Welding Electrode 
y 
d Welding of 3 
Chairmar ing IX Critcnelt, ¢ 
Phi ubcommitt ha f 
rites Y thie 
5 tand | iD 
Lan if ryy ‘ 
f field welded 
Ided 
: erally at at 
t over 15 it) 
This subco ittee ha 
r 1O4 In Wel f I i 
The In addition, th ubcot itter 
ind issued in UP “Proposed Tentatiy 
clding Rods for Wrought A 
of the um-Alloy vhich 
ted for approval 
erence Com the primary mmercial 
ge Tanks ae 1O Spe ic 
in Petroleum he subcommitt cal 
Oil Stora ments in welding pro 
rs relating to esirab tO Compile 
ition 
mmittee on 
pecificatior 
ASSOCIa u ommiuittes One 
el Water t neeti luri the year 
lanl andpipes and |} h wa redrafting 
bes questions during the past year A num The A.R.E.A.-A.W.S ce Com iry draft of the propo , . 
; ber of these have 1 quired extensive j mittee on Welded ank for t chnical Specifications for Se. 
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BEFORE 1930, no welded boilers 
were used in high-pressure central 
stations. 


TODAY, backed by radiographic 
proof of soundness, welded joints 
are used exclusively in high-pressure 
steam boilers. 


It wasn’t so long ago that most engineers 


and all boiler safetv-code committees were 


skeptical of welded joints for high-pre ire 
steam boilers They still had 
welding was safe in this fir 

Radiography provided « ence that 
welding was safe... and the « 
accepted. Radiography 
sold them sound welds as much as ches 


thick and many feet in lengt! / 
rad graphy IS j 
most sari. fact ry non-de 


Not only has radiography created wide- 


spread acceptance for all types of weld- 
ments, but, because it 1s mn-destructive 
and provides a record for reference, it also 


points to new ways to lower 
shorten inspection time ( 
welding quality creatly extending the 
of welded constructiotr 


Now is the time to take a fry k at 
what radiography can do for 
your shop for any weld 


econ along your local 


ASTMAN Kop 


£ at 4 2] 
4 
| raz 
i 


Arc-Welded rhe 


tions proposed by the membership present 


Electrodes.” modifica 


Ms meeting wert 


later 


reported to 


the membership 
When 
tributed a request was made 


from the men bet hip 


committees this report was dis 


for comments 


on the work accon 


plished. Plan have been completed 
for the drafting of a proposed specifica 


tion to be submitted to the subcommittee 


in the near futur 


Organization 


approved at a meeting of 


g of 
mittee on June 28, 1944, at which tim 
the previous Subcommittee VII on Ele 
trode Chart was disbanded. Selection of 


personnel was recently 


comm pieted 


preliminary steps have been taken in the 


preparation of specifications for hard fa 
ing filler metal 
Committee on Welding in 
struction (H. W. Pierce, Ch 
A meeting of the Committee on 
ing in Marine Construction 


Weld- 


was held in 
the Hotel Cleveland, October 17, 1944, 
at which time Harry W. Pierce was elec 


ted Chairman, and T. M. Jackson was 
elected Vice-Chairman. 
The extensive investigation of many 


phases of the 
the War 
N.R.D.C 


classed as restricted 


hip-welding problem, under 
Metallurgy Committee of the 
is still underway and remains 
With 


antici- 


information 
the termination of hostilities it is 
that this 
leased and its digest and translation into 
specifications 


pated information will be re 


and recommended prac 
tices will require a great deal of work in 
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which the Committe: 
important role 
The Committee 


lis] policy a a 


should play an 


continue its estab 


shed forum for discussion of 


ual welding problems and servic: 


view 


Construc 


tion has likewise had the opportunity t: 
re a ent upon the Tentativ 
Spec atio f Welding of Structural 


Marine 


nsive criti 


um 
quirement tor the instructio of if 
and gas-welding operators in trade school 
By | together qualified welding 
engineers a vocational educator 
i ance of cod representing best wel 
4 practi resented i i 


Ol Hil 

\ tte vork 
With the aba of trai g pro 
gra for war roductio orker tl 


had received prior instruction in welding 
larger part of the Committee's ef 
were devoted to a review and revi 
‘Part A—Arc Welding of Steel 
to */4-In. Thick’’ based on « x] 
during the 


ion of 


in its ust war period, on fur 
experience 


ol Part B-1 


Steel 


gained in the pr 
Oxy-Acetylens 
Aircraft,’’ and 
quirements of postwar 
Part A was 
at its meeting of 
proved by the 
full standard of 
1945 
The given 
sideration to the formulation of training 


paration 
Welding of 
on anticipated re 
training 
the C 


February 23rd 


programs 
approved by omunittee 
and ap 
Directors as a 
CIETY on June 28, 


soard of 


the S 


Committee has also con 


standards on arc welding of light-gage 
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steel and on are welding of 
Work is 


ects although 


progres ing on 


actual 


Stee 


tandard on the are welding of 
teel has been tabled pendi 


) oO 
+} 

na thing 
pliched at th 
| n it that tu ca 


( nin i? 
Ha 4 
Lom t i 
it i Code for Weld 
ng ior ill ippiicatio 


re 
Ma \ \ sect 
Code for P ire P Z 


AMERICA 


l—ai 


both the: 


pir 
ippol 
includi 


WELDING Soctt 
istance Welding Committes a 
for the past year consisted mainly 
preparation of a series of standar 
variou ubcommitte on phase 
istance welding Son of the 
of subcommittee ACTiVitic have 
published in the JouRNAL and ar 
combined into a single publicatio 
combined standards have bx di 


report 
Committee for 
[wo executive 


is to be 
approval at 
held in New 


were 


York for 


forwarding this program 


an 


ubcommittes 


the 


DECEMBER 


circulated to the 


earl 


pur 


preparation 


Vv 


> 
; the entire subcommittee membership by ee rh 
5* 
fetter baliot. Certain negative votes wer rrr ng { 
; cast and each negative vote was accom through it ubcommittees and reu study 
: panied y comments. In general, the and advice in the matter of specifications, Future activiti of the Co 
a obte ) have been removed ither by code ind practice In this connection ire to | th ubject of a meeti 
: a pro; revision or, it ome ca a directive on preheating of ship stru held in September 
“i by a ir itio It is expected that a ture issued by the Maritime Commission 
third draft will ready to submit to the was studied by the Subcommittee on Commu nm Non-Destructive 
5 member p of the subcommittee in thi Hulls and the resultant criticism is being ih eld KX. Carpenter, Chairmar 
near futur handled through official channels. follow The Committee has been inactiy 
ing policy determination by the Boar ing the past year It " oped 
Subcor \ickel and of Directors of the Socrery program might have been org 
r, Chair Che Subcommittee on Hull by this time. However, in 
z Phi committee has been active l, it wa 
a ‘ 
during t past year ld be a 
1S¢ war 
ti m pp nd ri for \¢ sels, tie o! ne personnel 
1 y é Mw iG. J air ISSU by the Office of the Chief of Trans Wuring the past year the publicat 
man portation, U. S. Army. the 'rdnan Inspection Har 
rhis committee has held two meet cism and suggestions were made, many of Vanual Metal Arc Welding was 1 
. ings during the past year At the first which were incorporated in the new draft the Army Ordnance Department a 
meeting, the specification to be written dated 21 June, 1945 In many essential pared by tl A.W.S Army Or 
: vas discu 1 in a general way, the group ten owever, this Tentative Specifica Advisory Committees Phi col 
bs ing of tl pper alloys was agreed upor t10 regarded unfavorably by the had in its membership several of 
: and metho f testing were tentatively meubcommittee and must be the subject of member of the .on-Destructiy 
¥ fixed Che lengths of electrodes and loca further work Committes Chat which publi , 
‘ tion of the griy vere discussed without this text on vi ual, magneti und 
reaching any lefinite decisior This Cor lee on etallizin D. C. Bolts, graphic inspection represents an a 
“ meeting was adjourned with the recom Chairmar by those familiar with these met 
~) mendation that a tentative specihication Due to the urgency of wartim« demands, gulde an inspector 1 his d 3 
. for copper and copper-alloy arc-welding there has been no activity by the Metalli correct 1 pretatio : 
? electrodes | prepared and submitted to ig Committee since it was formed at a A need now exists for clear-cut ‘ 
; the members of the subcommittee for their earlier date irds for ignet i radiogray 
comment for genera e in the inspectio f 
5 At the second meeting a draft of a por Con ttee on Minimum Requirement r It pla 1 during th oming y ‘ 
tion of pecification va lered instruct eldin Operator | B th activity f 
Phe variou tions of thi irait wert riftey, Chairman in conjunction with the A 
discusst ions agreed upon this Committee has been engaged in mittee E-7, attet O WOrK 
with accepted vocational training pra: draulic, gas, air, oil refrigera 
tices has been made possibl he The membership of this Committ 
Subcommittee Vil Hard Faci / er ; 
wer ; , wide acceptance of the parts of th lentical with that of the A.S.A. § 
Veta i. G. Sedan Cwairn 
7 Code of Minimum Requirements already Committee on Code for pr ure 1 
of this subcommittee was Subcommitte Subgroup 
group 
rted 1 
Ti! tt 
That 
or itter egan, during the past year, ha D 1 pubdlisned The ) 
fe CC id to give msideration to th eed of th has undertak no new work duri 
normal training prograt f the postwat past year. >} iditional worl 
i il 0) VDOStWal pa i i ) il OTK 
period With consideration to the iu g t COMIN yea 
4 anticipated needs for upgrading present it is believed that the existing co 
operator und =returnit te ho covers the matter of pressure piping 
Resistance Weldino Committ i 
Scott, Chairman 
— 


[This new KELEKET 250 KV X-ray Unit is a Line cg Slenss 
| m 


Pens 
powerful machine, fully adequate for the widest Unit is ;,, Sor j adj 
“Per, “Slob 
range of welding inspection requirements °nstany mil} whit 4 
. . . . | y in Pp 
yet it is the most easily operated unit in the entire j Wetion , "rage j, 
ix: j Gnd Me Pe fil, 
field of industrial radiography! m re 
j Sting tr 

The KELEKET control panel has only as 
many controls as conventional equipment of ‘4 
similar capacity! With fewer controls to manipu- ‘ 


late, your operator can concentrate thoroughly ~ 


on the actual inspection procedure! 
features ... then learn how they will reauc 


This 250 KV unit can be mounted on a jib weld failures in your plant. Ask your KELEKET 


crane ortruck. Check (above )its many outstanding representative, or write us direct. 


21812 WEST FOURTH ST., COVINGTON, KY. 
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Nee 
te 
is New X-ray Unit Does More 
aR Does Less 
n oy — 4 there is ire te Nor Only wh 


A research program was submitted to 
the A.W.S. Coordinating Committee on 
Research to instigate research work in a 
direction to fill in gaps in our present 
proposed standards 

Recommendations for spot-welding r 
quirements for inclusion in the A.I.S1] 
Building Code were made 

several changes in Committee and sub 
committee personnel were made during 
the year 


Subcommittee I—Spot Welding of Lox 


Chis subcommittee has been involved 
in several revisions of personnel and has 
only made minor revisions in recom 
mended practices which are now ready for 
publication in the combined bulletin 


\ complete review 
for future work 


At the present time this subcommittee 


1 
lacks a chairman and very meager data 
ire available It is hoped a chairman can 
be found to forward this work in the near 
future 


Data have been collected and ire ready 
for publication in the combined bulletin 
hese data will be reviewed later and 


revise i nec iry 


) bot Vi hbher 

Ch con ittee reports lack of data 
i 1 thi Va me of the pt hc it I 
quested for a research progra st 3 
hoped with the let-up in war production 
that this work might proceed at a faste1 
rate No data are to be published at 
pre t 

mit bot Weldir \ 


] Spot Weldir 
d Mes ( rho» 
ry 
on data are available which have 
been prepared for publication A large 


amount of data has been obtained but 


hould be forthcoming soon and this work 


will continue 


Very few data were available so ¢h 
subcommittee carried out an experimental 
program, the results of which have been 
prepared for publication 

Future work will continue and includ: 
investigations of other naterials, the 
possible use of lower electrode force and 


welding current as applied to single and 
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multiple welds, use of a smaller number 
of projections for different thickness of 
materials, and a possible increase in toler- 
ance in diameter and height of projec 
tions. 
Subcommittee VIII—Flash Welding (J. H 
Cooper, Chairman 
A recommended practice has been pre 
pared and is ready for inclusion in the 
Additional data 
a subject for re 


combined publication 
have been requested as 
search 


Subcommittee IX Vethod of Testing 

Wilson Scott, Chairman 

Recommended 
resistance welds have been compiled and 
are ready for publication. In the collec 
tion of data for all subcommittees it was 
found that a lot of people have been 
working with resistance welding, but did 


1iot have a consistent m sure of cond! 


was prepared and included in the method 


of testing standard 


Fo Tut rk f r method ol 
nondestructive est i o | investi 
gated 

he \ nd Ovmboils 

rerms and definitior have been col 
lected and compiled into a common report 
ri ire being checked to determine tl 
most uitable ind a t ready at t 


present time It believed tha I 

K will progr ipidly in tl i 
futur Che d t10 pul 
lished 1 i bull parat iro th 


Che preparatior in Outline for con 
pili i inst n AY 
( M. Ma va iSSig 1 thi 

and 1 Oo by M 


' 
work towal it1o i 
tandardization of a 
proce oO that t} ) of 
velding will be i d_ throu 
greater understandi tl Vat 
abl The t is to 
velop ] co t it pri t 
1 uch nat actu I 
10 di 1 Ity in it l pretatio i 
produce ico ist t 
( ee é é nmen 
HT ; 
Phe echnical Activitie Committ 
at their 1 ting on ID r 14 4 


voted unanimously to request the Chai 
man of the Committee on Safety Recom 
mendations to canva his Committees 


and make a definite recommendation as to 


] Whether the American Standard 
Associati6n should be requested to 
mediately proceed to develop an Ameri 
can Standard on palety in Electri 
and Ga Welding ind Cutting Operation 
under their Sectional Committee pro- 


cedure with the object of mpleting it 
before the lapse of the War Standard, 
749.1-1942, on th ubject 


2 Whether the AMERICAN WELDING 
SOCIETY should erve iS sponsor body 
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of the Sectional Committee. 


to all concerned 
his action of the Tech 


ag 


nica] 


ties Committee was duly reported 


Committee on Safety Reco 


and their votes requested ¢ 


questions The vote of 
was duly reported to the Ch 
Technical Activiti Commi 
American Standards 
now been formally requested 
the project 


Other than the above the 


no matters of any importa: 


the attention of the Commit 


Recommendations during the 


ti 


approy 


Committee on Safety Recon 


Ime! 

lirmat 

iation 


to u 


ré 


tee on 


past 
Committee m landard Procedur 
Weldi» nd Slandards for We 
( / rman) 


Che Committee has bee 


preparation of elding 
joint details for are and ga 
carbon and co il low 
lo expedite prog i 
th Lo nittee has con ied 
tio to date to preparatio 
velding procedure specificat 
rials in the | )-] gro 
Standard Qualification Pro 
ring Oo ona i ila ta 
velding 
The past year ha ) 
drafti f a third 1 
pro 
d } ) p ‘ ] 
to t Co itt I CT 
rr i i 
Cor ittes effort 
in tl fo lat f il 
undar 
15 
i 
of Iding 
i 
| 
| d 4 M I 
t il la ) l ta 
ta la yea 
ter M4ay ) 
~ th pro i jual i 
te } ith i 
dic re prepared 1 tl 
preliminary consideratio 
Lect i Mo 
deratio i ) 
re\ 1On a ala I 
{ 444 Folle 1 thi 
id 1to ifiord 
t1 y to } 
gestio in deta 
tio ind consideratio itan 
of the Committee It is « 


writing will expedite comp 


Ras 
illoy 
i 
| ) 
to 
edu 
lard { 
ae ) 
| 
iva 
i\ 
f 
Ly 
oO 
ry 
it i 
i 
if 
pect 
com 
letion 0 


revision to the procedure qualificati 


and permit ear 


I 


tion of the operator qualifi 


ly con 


ation 


DECEMBER 


1945 


Eres, 
aed Ja 
nd 
Car 
hay, 
| 
that data could more readily 
ee be obtained 1 chart for coll ctio ot lata 
| 
is A Recommended Practice for the Spot 
Wi ld ig ol Nu kel and Ni kel All ry ha 
a been completed Che data may require 
1 
I ome revision at a later date but repre 
a ent the latest available informatio 
ye. Test progran have been planned or 
Gi initiated to develop additional informa 
3 tion on spot-welding practice and physi 
cal data Collection data also 
plannesc for the establishment of seam 
3 
(ee welding standards for nickel alloys 
< 
4 VIT Projection Weld 
VU Van er, ¢ h Liyman 
ment 


ABER 


300% WITH 


- Pres. - Ludlow Welding Co. 


“In this type NNA WALKIE. 
TALKIE Case, all dimensions 
hed to be held to extremely 
small tolerances of -+-.015 
ond ~~.000. Made of .042 
cold rolled steel with woter- 
tight joints, it posed a tough 
problem that was success 


fully solved by welding 
with EutecRod 16." 


4 
5 
— 


Reg. U. S. Pat. Of 


ease send me complete facts about EUTECTIC Rods and Fluxes and 
formation on how to purchase a selection of the 9 most important 


WE DID THE IMPOSSIBLE 
AND JUMPED PRODUCTION 


STEEL FABRICATORS 
YONKERS, N. Y. 


“All attempts to produce this Walkie-Talkie Case by 
conventional drawing methods failed because the 
specified critical dimensional tolerances could not be 
held. When we were asked to tackle the job our 
engineers decided to try a new approach using weld- 
ing. The cases were stamped from flot sheets and 
then formed into shape and the folded edges welded. 
Although this procedure enabled us to hold to re- 
quired tolerances production with ordinary rods was 
too expensive. After three weeks of research we were 
ready to admit defeat when we tried EutecRod 16. 
That solved our problem! 

“Due to close tolerance and thin gauge, heating had 
to be kept down to avoid distortion. Because EutecRod 
16 bonds at 1300-1600° F. all danger of distortion 
was avoided. 


“When we tried a standard steel rod our welders 
could only turn out 30 cases a day. But when they 
tried EutecRod 16 they jumped production 300% by 
producing 120 cases per day. This is the fastest gas 
rod they have ever used and practically eliminates 
after-machining. 

“Thanks to Eutectic we were able to get into maxi- 
mum production rapidly and economically." 


All EUTECTIC Alloys are now available for civilian production. 
By means of 48 specially developed Rods and Fluxes you 
can employ the many revolutionary advantages of EUTECTIC 
Low Temperature Welding. Get the facts today! 


( Castotin Eiilecliv’ ) 


Le 


tecRods for every day use. Dept. JN-1 
RODS 
FLUX WIRE sTRie 
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Commullee on Symbols (L. C. Bibber, 
Chairman 
Several meetings of the Committe 
were held during the year and a number of 
minor changes were approved hese 
will be incorporated in a revision of the 
ymbols pamphlet 
\ meeting between the Chairman of th 
Symbols Committee and Dr. H. H. Lester 
of the Watertown Arsenal was held 
is during which a t of symbols for on 
destructiy testing of weldment was 
tg levised hese have been approved by 
: the Symbols Committee and will i 
luded in the symbols pamphh 
i é na Com) e { é 
‘ 


tri ig Apparat Spon 1 
AMERICAN WELDING SocIET\ L. W 


Ciarrk, CA#airman 


Che function of the Committee is to 


revise the Standards for Electri Ar 
Welding Apparatus and Standards { 
Kesistam Weldin Ay paratus originally, 
1ed in 193 The Committ ld an 
E rganization meeting and appointed two 
ubcommiuttes to carry out tl vork 
rt vork of these ubcommitt: is 
if been delayed and hindered because of 
= war Wuring the past year bot ul Ar 
Welding and Resistance Welding Subcor 
ittees have been reorganized and under 
A ew chairm« ire ow actively art 
; the job of revising the Standard rhe 
om progre of these subcommitte: 1 i 
follow 
nmiltee on  kKleciri irc We 
pparatus Freeman, Chairma» 
‘his subcommittee has been reor 
: nized and several new members added 
11S now engaged in tl tudy of a1 
I: standard on are welding ay 
var lich they will use as a basis for a 
new American Standard 
commultee on Resistance Welding Ap 
paratus (B. L. Wise, Chairman 
a Chis subcommittee is getting organized 
to study three American War Standards: 
“Straight and Offset Resistanc: Welding 
Electrodes and Electrode Holders.” C 
92.3-1945; “Controls for Resi tance Weld 
ing Machines,”’ C 52.4-1945: and “Speci 
fications for Resistance Welding Ma 
chines,’”’ C 52.5-1945, for the purpose of 
onverting these War Standards into r gu 
lar American Standards 
REPORTS OF A.W.S. REPRESENTA 
IVES ON TECHNICAL COMMIT 
F TEES OF OTHER SOCIETIES 
tion Committee ode 
Construction Wor | ivler 
Sin the American Standard Safety 
Code for Building Construction wa ip 
proved June 7, 1944, under American 
Standards Association Designation A 


10.2-1944, the formal activities of A-10 
have ceased However, the American 
Standards Association is continuing the 
Committee as such. No meetings of this 
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Committee have been held this year and 
consequently no action has been taken 


Coninitilee ( lé ressure Piping 
H. Coreyand F.C. Fanti 


his Committee was organized several 


years ago, to revise the first edition of the 
American Tentative Standard Code for 
Pr ure Piping rhe revision was cor 


pleted and approved in 1942, and th 


\ rica standard Cod Oo! Pre 
Piping was subsequently published. | 
cdly | ) rned at t vit matter 
ol ) n 1.W.S it 1 
I d tha pt itio1 ) i 
taines 
€ C-42 é 
} ‘rR 

An A.S.A. Standard covering Electrica 
Det oO vas published 1 942 Phi 
x il Committee is to inue and 
for preparing a 
1st on | I lication. It is reco 

that \MERICA VELDING § 

ommitt 

Your | tatiy 4 ike ) Pal 
In atly activity on this ¢ tee during 
ti pa iT 3 | ugg 
that my i oved fro ti 4 
mittee so that | ll not the future hold 
up th report i actio thi Cx 
mitte 

Z 

Vorkers (H t} 

During the past year this Co ittes 
has held meeting iS any 
pond ) vddre ito 
It is of interest to report, ho that 

itional Safety Council has institut i 
resear¢ p ct on the plastic 
ye protective devi Che results of this 
re arch will iade known tot \ \ 
sectional Committee Z-2 at which tir it 
is bel ved that revisio ti Cod 
will be made. A.W.S. representation on 
this Committee should | mtinued 
{ mn" lee Z } ent 

During the past year this Committe 
has held no meetings and no corr pond 
ence 1a he adi T d to if men ber 
tar this Committe ha ot considered 
anything that has directly to do ith 
welding or cutting but it i quite possibl 
that the Committee will at some time i: 
the future For this reason it is believed 


that A.W.S 


continued 


representation should be 


y 
Committee Z-10—Letter ynbo ind Af 


re tions for ence and Engineering 
prarage? 

No new standards or revisions of stand 


ards have been approved as a result of the 
Committee's work during the past year 
However, a few of the subcommittees ar 
actively at work and a report on letter 
symbols for electrical quantities will prob 
ably be submitted for approval in the 


i 


near future Work is also going forward 
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on a new list of symbols covering ct 


engineering 


; 7 17 


CILONG Commititee Ork 
pressed Air (E. \ 

There were no meetings held dur 
vear of American Standaz Asso 
Committee project IR \ 
Compress Au In th 
mall subcommitte va ip 
lraft a tentat 
for actio 

lI work of this Cor itte 
layed on a int of i | 
1O ) O it,a 
oming yea may tso 
ond 

, 
C.B , 
vear 
er 

Duri mast yea 
tiv ha { il i 
mation or advised of any of t 
thi 4 i 
that 

ir 
er 

i? | 

, 

uber i 
parati ictive d 

ittee should 
u i iy al i 
rt ict ty 

uri past 
li it d tn i 

Tee t Am il 
Metal » lar a il 
col rec Chi 
tot i mal situation and the 
of all je ti to t val 
here ha I lrequent i 
COI pond itl lat ) te 
artic] ing prepa d fo t 
t10 ot la 
articl art i ed as received 
reaction reported It iv be uid 
there has b a conti 
interest 1 n rk of ti NI tal 1 
ook Comunitt Reco ida 
made that rep1 tation of t (mM 
W DIN¢ on the A 

} 

i? for 

One neeting of t ( ( \\ 
of Subcommittee II, St ral 
lor Bridges, Buildings a Rolling 
of A.S.T.M. Committ \ m St 
was held during the past year At 
meeting the section reviewed proj 
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PLANTS GAIN MORE BY USING 


Safety Equipment 


New Air-Flow Helmet 


CE sCO’s n A F velding 
. 
all helmet pr ‘ molete 
ty, great nd 
t | aval Write for 


@ CEsco’s complete line of head and eye safety 
equipment always benefits users—prevents injuries, 
saves lives, saves dollars and earns profits. 


More than that, CEsco offers exclusive features 


which produce added benefits. 


Check the equipment shown on this page for » 
specific examples. And, check with a Cesco man to » 


find out more about the CEsco line. 


New Acid Hood 

Guards against nitric, sulphuric, 
hydrocholoric, acetic, hydrofluori 
and carbolic acids. Has air-fe« 
unit. Write for Bulletin A 


No. 94 Respirator 


New Face Shields Seamless Welding Helmets New Cesco Goggles Protects against lead 
Sturdy, protective plastic Seamless CESCO helmets, provide Coverlite Goggle, with re silica and nuisance 
window—replaceable in 15 positive protection for welders placeable safety lenses, ex dusts. Permits easy 
seconds! Extra comfortable, Contour-shaped, easily-adjusted tremely light in weight. Spe breathing .Approved by 
with contour-shaped head headgear. Lift-front style also tacle types available in many Bureau of Mines. Write 
gear. Write for Bulletin F. shown. Write for Bulletin E styles. Write for Bulletin C. for Bulletin D 


CHICAGO EYE SHIELD COMPANY « 2332 Warren Boulevard « Chicago 12, Illinois 


CESCO 
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U-S°S Steels 
for Welding include 


| 
| HIGH STRENGTH STEELS RR 
stn spr corrosion and ( ‘ 9 
vith without adding 
il 4 led 
COPPER STEELS to give twice the fabrica 
ension resistance of 
it little additional cost WO 
U-S°S HOT- ROLLED and coLD ROLLED 0 
STEELS to pt adva | a in 
the requirements | for 
U-S-S STAINLESS and HEAT RESISTING What 
| STEELS ss high resistance to dred { 
rr heat und j 
CARILLOY ALLOY STEELS Spe | | 
spe () 
indus resean 


CARNEG 


U-S°S ROLLED STEELS FOR WELDING 


1E-1 
LLINOIS STEEL CORPORATION, Pittsi 
COL 
| UMBIA STEEL COMPANY, San Fran 
ENNESSEE 
COAL, IRON & RAILROAD COMPANY. 
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List of New Members 


BOSTON 


Rivers, George E., Jr. (C), 292 Auburt 


AY Auburndale, Ma 
CANADA 

McClymore, Robert (B), 557 Georg 
Sarnia Ont Canada 

McEachran, Gordon W.(B), 9 Grand Av 
{ \ lathar , Vntario 

CHICAGO 

Kuras, Peter T. ((¢ 64 Z 
Ave., Chicago 21, Il 

Wood, Jerome H. (C), We g 
Elect. Corp W ke Chicage 

Woods, Thomas J. (C), A. O. Smith Corp 
Michigan Ave., Chicago 4, 


CINCINNATI 

Good, Merrill K. (C), 222 Penn Road, 
lrroy, Ohio 

Ivey, J. C. (C X-L Supply Co., 3736 
pring Grove Ave., Cincinnati 23, Ohio 

Maddox, Wm. A. (B), 3438 Zun 
Cincinnati, Ohio 

Ramsey, Hugh T. (C), 420 Scott St., Cov 
ington, Ky 

Tower, Edwin H. (C), 6783 Sunray, Mt 
Washington, Cincinnati 30, Ohio 


CLEVELAND 


Bailey, Ned (C), Industry & Welding 
Magazine, 812 Huron Rd., Cleveland, 
Ohio 

Davis, —— Leslie (C), P. O. Box 3112 
Euclid 17, Ohio 

Lohmeyer, W. J. (C) Colonial Iron Wk 
Co., 17648 St. Clair Ave., Cleveland, 
Ohio 

Pfahler, C. Kenneth (3), Box 
Ohio 


266, Gahor 


DETROIT 


Altman, Murray (B), Acorn Iron Wks., 
Inc., 9260 Freeland, Detroit 27, Mich 
Chester, Edmund J. (B), 7234 Middl 
Pointe, Dearborn, Mich 

Cobb, W. H. (C). R. F. D. 2, Clarkston, 
Mich 

Cormier, Aime (C), 1535 N. Dort High 
way, Flint, Mich 

Davis, Joseph B. (C), 11892 Ohio, Apt 
102, Detroit, Mich 

De Leo, P. D.(C), Progressive Welder Co 
3050 E. Outer Dr., Detroit, Mich 

Detloff, Leonard C), 19353 Runyon Ave 
Detroit 5, Mich 

Everett, ‘Risk C), 1309 Wilson St., Bay 
City, Mich 

Fegley, B), Resistance Weld 
t Corp 116 First St., Bay City, 
Mik h 

Glasgow, Glen W. (C), 765 Central Ave., 
Apt. 107, Detroit 9, Mich 

Harris, Douglas I. B), Progressive Welder 
Co., 3050 East Outer Dr., Detroit, 
Mich 


Jordan W. H. (B) Prog: ve W 


October 1 to October 31, 


Hinds, Spencer C. (( 24 Mar 
st., Flint 4, Mich 

Arthur C. B Progr 
We Co 0 FE. Outer Dr., I 
Mi h 


Johnson, Fred ( B), Prog ive Welder 


Outer | 


)E. Outer Dr., Detr 
Kusk, William ¢ 269 | 
Mi 
McAili ster, Neil F. ] 
Citv, Mi 
McKee, Ear rl L. (¢ 5 : 
Miller, Clyde \ 
Berkley, Mich 
Wm. R. (¢ 921 
Rd., Berkley, Mi 
Rankin, Roy Ss. Harri 
Sale: 74 DuBois St Ly 
Sloan, John F. ( 2S. Wart 
Mi 
E.(C), Durand, 


Wiley, George Stearns (C), Bundy 
ing Co., 10951 Hern Ave., Detré 


Micl 


Wineman, Walter, Jr. (C), 812 
St., Sebew Micl 

Yerian, Wilson Cc 105 Cr 
Durar Micl 


Zulinski, Edw. J. (C), 2695 Commor St 


Detroit 12, Micl 


HARTFORD 


Dube, J. Raymond O.(C), R. F.D.3 


ville, Torrington, Contr 


HAWAII 


Nystrom, Walter O. (C), Ha 
Products, Ltd., P. O. Box 2454, 


lulu 4, T. H 


INDIANA 


Bishop, Alonzo Neil (B), R. R 


Indianapoli +4, Ind 


oan, John A. B), R. R. 4, 


B, Indianapolis 44, Ind. 


Miller, William R. B), 146 W. 3 


Indianapolis, Ind. 


Urbaniak, Joseph (B), 1439 N 


sey, Indianapolis, Ind 


Zimmerman, Albert J. (B), 933 


t., Indianapolis 1, Ind 


KANSAS CITY 


Fizzell, J. L. (B), 5018 Euclid St., 


City 4, Mo 


Tonkin, Charles T., Jr. (( 6700 Chert 


Kansas City 5, Mo 


LOS ANGELES 


Bisbey, Otto C. (C C&C 
OS—119 Pl., Hawthorne, Calif. 
Clemens, Herbert K. (C), C. F 
Co., 1000 S. Fremont Ave., Alhambra, 


Calif 


Warren, Lee (B), Sciaky Bros., 2 
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‘He nry (( 


Barnes, Chester O. (¢ 


Wessman, A ( ( I Bra 


LOUISIANA 


Julian L. (B 


rleans, | 


see J. (( 914 Pa 


i 


Solberg °C. M. \ | 


LOUISVILLE 


» Central Av 


MAHONING VALLEY 


» M. S. A), The Federa 


Co Pla é i 
MARYLAND 
John W., Jr. 
», Md 


Middl River 24 Mid 


\fd 


val 


as, Clarence B. R. | 


MICHIANA 


, J. R.(C), 401 N. Ber 
uth Bend 20, Ind 
, Elmer H. (C), 613 Park 


d 


l, Donald S. (C 2 


Mich 
MILWAUKEE 

cee, Wi 

y R. (C), 2969 

LO, Wi 


George E. (C), Harni 
, 4400 W. National Ave 


i, Frank (C), 4575 So 
Cudahay, Wi 
James, Karl 2900 So 
‘ Milw , Wi 
Joers, B), 3520 So 
Milwaukee 7, Wi 
A.(C), 
Milwaukee 8, 
Phillip, Robt. 1. C), 2663 So. Hov 
ukee, W1 
Reise nauer, Ralph (¢ $524 W 
t All Wi 
Steinmeyer, Ralph C. (1 9123 1 
1Ave., Milwaukee 13, W1 
Winter, Hans (C), 2220 E. Bradford 
ikee, Wi 


NEW JERSEY 


Bragg, Sidney J. (B), 1120 Sout! 
, Plainfie ld, N 


quett Beverly Dr., Room 206, Bever] 
4 ( 
trot, l So. Fremont, Alhambra, 
Co 
ler Co Haro, LaHa 
h ew OEE 
ndal Ledet lk 
Ly ivi 
ArterburrI Lines \ 
Clark Ma 
Wi i 
Micl Warrt 
tb 
i: 
N. Bech Hudnall 
Lal 
\\ 
Saas, 
Airy, 
4 Dillon Dr 
5C 
4 Kram Avt 
Bend, Ind 
W orre| 
~ Hon 
= A 7 
Eee. 3, Box 4 Buck, R th St.. M 
VauUk 
Any 
Sth St 
New Jer 
ty 
K 
So 


‘.. goods for the good of man’ 


his seems like a good time to be practical about New 


Years Greetings to you who turned in such a tremendous 


wen 1) Hon Wal and now face the iO | I cal 
OULPI Ul pl LUT tie UU Ul idl 
; 
‘ if 
| 
nel 
} \t 
{tit 
\ 
Vi ik Lilt { 
Happy .\ew 


x, 


MACHINE WELDER 


206 DANA STREET © WARREN, OHIO 


Manufacturers of 


ALL TYPES OF RESISTANCE WELDERS 
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Brook, Webster William 
nary Ave., Rahway, N 

Bulkiewicz, Marian (C 
Newark, N. J 

Chuse, Robert Allan 


Crawford, Charles A. (C 
Pl., Warren Pt., N. ] 


Sprow!l Steel Co 


N. J. 


Caldwell, N. ] 


ery Co., Dunellen, N. J 
House, Robert W. (C 

Roselle, N. J 
Maynard, Walter C. (C 

Lyndhurst, N. J 


vington, N. ] 
Moslander, Kenneth D. 


ark, N | 


Orange 


Dawkins, Lawrence H. 


St., Brooklyn 23, N. Y 
Goebel, Carl W. (C), 923 
lyn, N. ¥ 


Canal St., New York, 
Lincoln, John J., Jr. C) 
Sales Co., 60 East 

17, N. ¥ 
McGinness, Francis V. 


York Ave., Brooklyn 3, 


Island City 1, N. Y 


mvosset, Long Island, 


St. Paul 8, Minr 


St. Paul, Minn 


Erie, Pa 

Biketnikoff, Ephraim (C 
St., Erie, Pa 

Bricker, Raymond N. (C 
St., Erie, Pa 

Bulishuk, Walter A. (C) 
Erie, Pa 


ture Co., Warren, Pa 
Darnio, Guy (C), 409 I 


Erie, Pa 


R. D. 8, Erie, Pa 


Warren, Pa 


Pa 


Pa 


1250 


, 6209 Boulevard 


East, West New York, > 


Hecox, Colin B. (B), Mapes 
Steel Co., P. O. Box 425, 
Helmer, Frederick T., Jr. 


Henry, Dean J. (B), Gould 


Horseman, K. W. (B), Ranson 


Miller, Charles N, (C), 68 Oak 
Division, Union Carbids 
Corp., 646 Frelinghuysen 

Paterson, Robt. C. (B), Mapes 
Steel Co., 300 Bi irnet Avi 

Pederson, Fred W. (B), 39% 

_N. J. 

Schmitt, John E. (B), M: iP 

Steel Co., P. O. Box 425, 


Singer, Walter H. (C), M: AP 
Steel Co., P.O. Box 425, Un 


NEW YORK 


Bogart, Henry G. (B), Magnaflux 
25 W. 43rd St., New York, } 


Goody, Robert B. (B), Shi rman & Co., 


Central Ave., Amityville, N 
Northacker, Alfred Austin (C 


Rectenwald, R. L. (8), Metalock Castin 
Repair Service, 27-05 43rd . 


Storz, Frederick O. (B), 


NORTHWEST 
Brehm, Carl H. (C), 1738 Asbury 


Feyereisen, L. W.(C), 545 


NORTHWESTERN PA. 


Bievzorski, Max (C), 820 
, 1673 West 14th 


Cannon, C. D. (B), De Lux: 


Eckard, Wm. F. (C), 11 14 
Foote, Louis C. (C), 43253 
Goagvall, G. W. (B), 114'/2 
Gray, Andrew (C), 625 Marn 


Hall, Elmer E. (C), 1428 Dewey Dr., 


Head, Clair S. (¢ 
Apt. 2, Erie, Pa 
Hooper, Fred G. (C 

Erie, Pa 
Keller, Fred A. ( B 
Pa 
Kozik, Joseph J. (( 
Erie, Pa 
Kreide, George (C 
Wesleyville, Pa 
Lautzenheser, Levi C. 


St., Erie, Pa 


Long, Chas. A. (C), Struth 


Titusville, Pa 
Mahood, Chas B. 
Warren, Pa 
Mead, B. F., (B), Mi 
Wks., 606 Lexi 
Pa 
Metzler, Archie L. (( 
I ric, Pa 
Meyer, Lawrence (C 
Minnich, G. H. (C), 
ilo Rd., Erie, Pa 
Nelsen, M. A. (B 
Warren, Pa 
Nixon, Charles T. 
Eri Pa 
Pacak, Michael (C 
ri Pa 
Perry, Fred T. (¢ 
Pa 
Piatkowski, Ignatius 
st., Erie, Pa 
Piatkowski, Stanley J. 
Park Blvd., Erie, P 
Pratt, Louis G. (C 
Wesleyville, Pa 
Price, Harry J. (C 
| go Pa 
Ristau, Harold J. 
Warren, Pa 
Royall, Thomas E. (C 
Ruig, Kenneth A. (C 
Wesleyville, Pa 
Rushton, Hants T. (C 
Lawrence Pk., Erie, 
Sandberg, Howard R. 
Warren, Pa 
Sandberg, R. E. (B 
Warren, Pa 
Satterlund, C. A. 
Warren, Pa 
Schubert, Norbert A. 
St., Erie, Pa 
Shurwin, Oscar L. (C 
Erie, Pa 
Tanner, Clayton E. 


Ave., Lawrence Pk., Eric 


Timm, Karl G. (B 
Warren, Pa 


OKLAHOMA CITY 


Le Crone, D. E. (C 
Supply Co., 517 


Oklahoma City, Okla 


Foster Edd C. (C 
homa City, Okla. 

Foster, Fred F. (C) 
homa City, Okla 

Stump, M. Phil (C), 


tox 887, Shawnee, 


PHILADELPHIA 


Brill, Warren E. (¢ 
don Het 
Brown, Mahlon B. (C 
Upper Darby, Pa 
Gates, Byron (C), 321 
Philadelphia 19, Pa 
Little, Daniel F., Jr. 
Rd., Merchantville, 
Ross, Bert B. (C), 
Wyn Pa 


wood 


PITTSBURGH 
G. 


PUGET SOUND 


Ross, Cornelius A. 


Sweek, Alex D. 
ROCHESTER 
Austin, C H. 


Borssuk, William 


Burger, r, "ie Wvin 


Butte r field, Paul Hi. 


SAN FRANCISCO 


SOUTH TEXAS 
McDonald, Elmer Wilson 


TIDEWATER 
oll 


WASHINGTON, D. C. 
Ellis, Ensign W. E. 


Shoup, Paul W. 


, 123 Harvard Rd., 


WESTERN NEW YORK 
Morrison, bongs M. 
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(B), 637 Semi 70 Franklin Ave., 

J 

119—-15th Ave., 620 W. 4th St.. Cart 

Bld 

Brook St., Warren burgh, Pa C 
|. Mason, John E. (B), Graybar: 
706 10th St, 37 Water St., Pittsburgh | 
& Sprowl 110 Eastern Ave., 
m, N. J 
, Mapes & 1130 E. 34th Krumm, Neil J. (C), 109 Nay 
Box 425, Union, Bremerton, Wash 

Ave, No 
416 Laurel St 7 
Machin 
Machine & Iron 
220 Grace St., Ave., Warren, 
a 427—6th Ave 1114 Marne Rd Wild 
ave., IcKean, Pa 1564 St. |] 
paratu 
Li colr Ave J \ 
Gressens, Elmer P. (C), 24 Lan; 
129 E. 29th St 
4 pri Hahn, Rea I. (13), 66 Elmdorf Av 
1, aN J 5 \ 3. Glad tor ‘ Y 
ln Ave 
Johnson, William (C), 62 Whit 
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“AIRGRIP” Non-Rotating Cylin- 
Welding 
Machine of the Resistance 
Welder Corp., Bay City, Mich. 
Either end of the "AIRGRIP" Non- 
Rotating cylinder can be re- 


ders on Resistance 


On this welding machine the 
“AIRGRIP” Cylinders operate in 
pairs because two cylindrical Chucks 
containers are welded simul- 


moved, leaving rest completely 


C525 Lap weld seams per HOUR 


R! 


By equipping this resistance welding machine with EIGHT’ 


NON-ROTATING CYLINDERS 


Production capacity is stepped up, 
makes lap weld seams on 525 cylindri- 
cal containers in one hour! —and qual- 
ity, uniformity and smoothness of welds 
are improved. “AIRGRIP’ Cylinders do 
four jobs: (1) They clamp the work. (2) 
They unclamp it. (3) They lock fixtures. 
(4) They apply welding pressure. 


“AIRGRIP’” Cylinders have no tie-rods. 


OTHER ANKER-HOLTH COST 
REDUCERS include ‘‘AIRGRIP’’ Chucks 
and Rotating Cylinders, Air Operated 
Collets, Arbors, Mandrels, Drill Press 
-and 3-Jaw Finger and Com- 


Ample strength is provided by making 
the metal of cylinder walls extra thick 


‘es of an inch 


“AIRGRIP” Non-Rotating Cylinders speed 
production in many ways. Tell us about 
your machine operations. Our engi- 
neers will investigate your requirements, 


make recommendations 


pensating Chucks, Lubricating Assem 
blies, 3- or 4-way Air Valves (hand or 
foot operated), etc Also Hydrauli 
Power Units and Fittings 


Representatives in all principal cities Write for Bulletins. 


2798 Connors Street 


Port Huron, Michigan 


When buying new lathes, specify ‘‘AIRGRIP"’ Chucks and Cylinders ; " 
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The New in Arc Welding 
...your guide to LOWER COSTS 


NEW EIGHTH EDITION “Procedure Handbook of Arc Welding 
50 Cents Each | 


gives you the latest information on all phases of this fast-grow 
process for lower costs and better products. 35 new procedure 


P | 22 new cost tables. 16 new subjects in Arc Welding design, tect 
Order Your Copies NOW! nique, application 


Even if you have previous editions of the “Procedure Hand 


Adams-Lecture Series 


book", you cannot afford to be without the new. authoritative Eight! 


In order to honor the Founder and First President Edition. This 1312-page “bible of Arc Welding” outdates all pré 
of the AMERICAN WELDING SOCIETY, the in 
SOCIETY in 1943 created a lectureship known as 
The Adams Lecture. The award is made annually 
by the Board of Directors to an outstanding Scientist 
or Engineer, and his lecture presents some new and 
distinctive development in the field of welding. 


1944 Lecture—Pressure Welding by Dr. A. B. 
Kinzel, Vice-President, Union Carbide & Carbon 


Research Laboratories. 1312 pages...1647 illustrations. Size 6” x 9” x 1%" 


* Welding Methods & Equipment * Machine Design 
1945 Lecture— Selection of Steel For Welding, * Technique of Welding * Structural Design 


. Procedures, ceeds & Co * Application 
by Dr. S. L. Hoyt, Technical Advisor, Battelle 


@ Weld Metal & Methods of Testing @ Reference Date 
Memorial Institute. @Weldability of Metals 


Order your Handbook today. 


AMERICAN WELDING SOCIETY 


American Welding Society 
33 WEST 39th STREET NEW YORK 18,N. Y. 33 West 39th St 


New York 18, N. Y 


THE WELDING JOURNAL DECEMBER 
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THE ENGINEERING FOUNDATION 


Welding Research Council 


Sponsored by the American Welding Society and American Institute of Electrical Engineer: 


—————_ Supplement to the Journal of the American Welding Society, January, 1945 —————— 


Normalizing of Welds in Carbon- 
Molybdenum Steel Pipe by 60-Cycle 


Induction Heating 


By D. H. Corey! and I. A. Rohrig 


Summary weld metal and the adjacent heat-affected area would 
' be obtained only at the expense of an undesirable change 
l the 1943 Annual Meeting of the American 1 the structure of the pipe metal on both es of the se 
WELDING SOCIETY a paper* was presented giv- hor heated to full normalizing temperature The basis 
i ing the results of an investigation undertaken to (09! this prediction is that in local normalizing a zone at 
ine the effect of normalizing arc-welded joints in ¢ach end of the normalized section must undergo heating 
molybdenum steel pipe instead of stress relieving in the lowe r critical temperaturt range as was the case at 
t 1150 to 1250° F. as is the general practic the outer edge of the heat-affected area”® durit ig welding 
estigation indicated that normalizing of carbon \s a result of these and other que g 
lenum pipe welds improved the deposited weld liscussion of the earlier investigation a project was 
~~ | and the adjacent pipe metal that had been affected Undertaken by The Detroit Edison ( U certail 
the heat of welding—the so-called ‘“‘heat-affected 1) whether normalizing could be accomplished with 
present induction stress-reheving equipment, and 
t was established that the tensile properties of carbon whether undesirable changes in t] rostructure would 
enum weld metal are not harmfully affected by be produced in the sections of pipe on either side of the 
lizing. Notched-bar tests indicated an improve normalized portion 
the notch toughness of the weld metal and of the his paper presents the results of tests carried out on a 


tal remote from the weld as a result of the fur l4-in. O.D. 0.937-1n. wall thickness « iolybdenum 

mM) ilizing used 1n those tests The notch te ugn pipe on which local 


1 normalizing was accomplished with 


the pipe metal affected by the heat of welding was 60-cycle stress-relieving equipment, and includes thi 
good and was not changed by normalizing. Tesults of a metallographic examination showing the 
graphic examination indicated a very definite ™ucrostructure of samples cut from various locations 1n 

ement in the microstructure of the weld metal. the pipe. 

ter importance, however, was the fact that im Briefly, these results indicate that 

lent was observed in the structure of the pipe Local normalizing can be complished in carbe 

ilfected by the heat of welding. In this zone, in molybdenum pipe by means of a conventional 60-cycl 


ter, portion of which the most serious cases of induction weld-stress reliever of sufficient capacity 

lization have occurred, the original Widman- ind that only a relatively short time is required t 
=) 

structure had been re-established (Figs. 6, 7, 8 reach a nominal temperature of 1% ] In this 


vestigation tne I ing temperat tt I 
work covered by the 1943 investigation involved _1'/» hr 
e normalizing of the entire sample, which method 9 rhe heat-affected area’ resulti from 1 | 
ilways be used commercially although it has an  ypormalizinge is manv times wider than that result 
ge over local normalizing in that there are no fr; velding and is of a distinct], t { 
nperature gradients in the material being heated it is free of the s] » isother1 ¢ 
le discussers of the previous paper was of the a irc weldi d with which t I 
that local normalizing of welded joints could not — graphitization have been as 
mplished by induction heating with the conven Cre t] ey 
-_evele 913 "1 ic the favor 
le equipment, which is the favorite ind cer of scale (ant ‘mately 0.010 i 
Lost convenient apparatus lor SS ré ie ing surface of the hottest sectio1 
discusser predicted that if local normalizing os 
ted the improvement in the structure of the 
t the Twenty-Fifth Annual Meeting, A.W Ohio and te from 
pany 
\ and Crocke Effect 
M enum t 
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Fig. 1—Schematic Diagram for Electrical Circuit of Induction 
Stress Reliever 


Description of Tests 
In this investigation, a section of 1|4-in. diameter, 
Schedule LOO (0.937-in. wall thickness), carbon-molyb- 
denum steel pipe approximately 1S ft. long and with 
out a weld was used for test. The pipe had been made to 
conform to the requirements of A.S.T.M. Designation 
A-206; that is, it was of the silicon-aluminum killed 
variety and was coarse grained. It had been hot rolled 
and drawn at 1200° F., and had been pickled to remove 
mill scale. 

A partial chemical analysis, as supplied by the manu 
facturer, for the heat of steel from which the pipe was 
made is as follows 


Carbon 0.18%, by weight 
\Manganese 0.44°) by weight 
Phosphorus 0.015°;, by weight 
Sulphur 0.022% by weight 
Silicon 0.260, by weight 


Molybdenum 0.50%, by weight 


Fig. 2—-Power Transformer and Controller, 135-Kva Induction 
Stress-Relieving Equipment 
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Che equipment used to heat the pipe sectior 
malizing temperature was purchased in 1937 and | 


in regular use as a stress reliever. It utilizes t] 
ciple of electric induction heating, using a singh 
60-cycle power supply. Figure | 1s a schematy 


illustrating the principle of the stress reliever an 
is a photograph of the power transformer an 


equipment 

The power transformer is a single-phase, 
transformer designed for primary voltages ol 
220 or 440 v. The rated capacity is 135 ky 
transformer secondary winding is tapped to 
secondary voltages ranging from |S to 192, in 
ipproximately 4 v. 

Eleven thermocouples were attached to the sur 
the pipe so that the pipe temperature could be ri 


Fig. 3—-Time-Temperature Current Relation During N 
izing 


during heating. Seven were in t 
the heating coil and four covered a 14-in. le ngth 
to one side of the coil Atter installatior 
thermocouples, the pipe section to be covered 
water-cooled heating coil was wrapped with 


layer of s-in. asbestos tape to furnish som« 
insulation between the coil and the heated pips 
to reduce heat loss from the pipe. A thicker 


thermal insulation was not used for the reason t! 


creasing the separation between the winding 
pipe reduces the induction heating efficiency. 

Che heating coil, which was energized by the se: 
of the power transformer, consisted of 43 turns o 
diameter, '/,-in. wall thickness copper tubing 
with woven asbestos tubing. The tubing, o1 
coil, was wrapped around the pipe in a doubl 
forming a winding approximately 18 in. in lengt! 
in. in thickness. Water cooling of the coil w 
vided, the water flow being controlled so as to m 
an exit temperature of approximately 160° F 


Wood plugs were inserted into the ends of t 


before test in order to prevent circulation of ait 
the pipe and thus perhaps to reduce the scaling 
inner surface during heating 

In ordinary stress-relieving operations, tem 
control of the heated section of pipe is automati 
the time the pipe is at stress-relieving tem 


This is accomplished by means of a potentiomet 
recorder-controller which is an integral part of th 


ment. In this investigation, manual operation 
equipment was required, as the normalizing tem 
of 1725” F. was beyond the range of the recorder 
ler. All temperatures were measured by the 


he section covet 
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" 
43 Turns of Water Cooled Copper Tubing— -2 Layersof g -|4 Schedule |O0,C-MO 
SE at Asbestos Tape ¢ Pipe, Approx I8 Long 
H 200 | | | | | | 
| 1 DISTANCE ALONG PIPE -INCHES- 
| Ly. 4 8 12 20 
| 
Note = Location from which probe samples were taken, selected on basis of this curve 
See figure 5 
Fig. 4—Temperature Gradient During Normalizing 
ittached to the pipe and a portable potentiome from the normalizing test, five probs 
indicator moved from the pipe at the following temperatur 
ime-temperature-current relation during test is tions as determined by the curve if rep 
by Fig. 3. Slightly over 1'/, hr. were required to from the potenti eter reading | 
Norma reach the normalizing temperature of 1725” F.,* and in 
over 2'/» hr. from the start of the test the current 
rned off and the pipe permitted to cool. When th 
ing temperature was reached, it was necessary 
reduce the coil current to maintain the temperature 
hin the required limits. 
letermine the metallographic structures resulting 
ture a requirement of the specificatior 
pany covering the fabrication of arbon-moly t m 
Fig. 6—Carbon-Molybdenum Pipe-t Pipe Weld in the As 
Nelded Condition. Etchant 5% Nital—1.5 > 
rt} 
ng 
ti 
it 
th 
per "ig. 9—14-In. Carbon-Molybdenum Pipe After Local Normal- 
oT zing Showing Location of Weld-Probe Samples for Metallo- Fig. 7—-Pipe Weld After Normalizing at 1725° F. Note Ab- 
e f graphic Study sence of the Heat-Affected Area. Etchant 5 Nita > 
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Fig. 8—Heat-Affected Area of the Pipe 

3% Nital—100 » 
Pipe n lett Heat-af 
met 


1500° 1400" (d) 1300° F.: 
Figure 5 shows the location of these five prol 
A probe sample was also removed from a locat 


end of the pipe to show the original hot-roll 


Results 


The maximum 
was 1/40° F. and 
transiormer Was ap} 
that somewhat hig 
reached under 
70° F., 1f desired, 
kva. For lower 
would 


slightly ov 
Since the 
much 
further heatin 
only through 
in coil current, h 
a result of the r 
pipe material ; 
perature continued 
is shown by Fig 1] 
F., the coil current was approximately 
as would normally be used for stress reli 
same section at 1200° F 
The transformer capacity required for normalizin 
l4-in. diameter, Schedule 100 pipe is approximately 125 
kva. This, of course, will handle all smaller sizes. 
For the winding employed in this test, namely, a 45-turn 
winding of '/s-in. diameter copper tubing, the maximum 
power output of the transformer was approximately 
120 kva., obtained when the current on the winding was 


~ 


775 amp. and the potential was 155 v. Since the induc 
tion heating effect is a function of the number of turns 
and the amount of current in the winding, it will be ap- 
parent that the winding must be designed to suit the 
transformer. 

Although approximately 18 in. of the pipe was covered 
by the heating coil, only the center section of approxi- 
mately 6 in. reached 1700” F. as shown by Fig. 4. Fur 


ther, this figure shows that the temperature 


was slight and that a distance of approximate] 


intervened between the temperature of 1700 and 
Chis means that the heat-affected area with it 
panying gradual structural changes was 
rea many times wider than the narrow 
the structural changes are confined by the 
ind cooling resulting from arc welding. 
rostructure of a pipe-to pipe 
pipe as welded 1S shown i 
ted area in the pipe met 
the weld Chis ] 


oncern since the 


from the report 
effectiveness 


PUSLUT 


etal 


shown Because ol possibl ition veer 


neat treatnient 


peated for the par 


Fig. 9—Fusion Zone After Normalizing at 1725° F. 
sence of Heat-Affected Area. Etchant 3% Nital 
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= 


ay 
grand 


it the low-temperature edge of such areas. Nort 
it 1725” F. completely removes the heat-aflected 
ture resulting from welding as 1s seen in Fig. 7 
Figs. 6 and 7 were taken of ti 
ts investigation, 1m which th i | $e 
con” & normaizing treatment in Tigi 
nM «structure the h ted area h 
“‘ ent heat the same type of steel in their res] t 
welding and normalizing tests we 
cular pipe used in the present i: 
% gation his was done by means of bead wel , 
‘s 00" | probe sample taken from the end of the pipe wher | 
mnear one nucrostructure the heat-allected area adjacent 
mplete elimination of the narrow heat-affect: 
idjacent to the weld through normalizing at 17 
shown by the structure in Fig. 9 
Che coarse-grained Widmanstatten structure 
a temperature recorded during test vas typical of the hot-rolled condition of thi Ss 
he maximum output of the power Phe etallographic structures resulting from t 
roximatel mnciecate malzing test are shown in throu 
er temperatures could |! e been Signincant structur lange W four the 
a ce the transformer was rated at 135 luring this test (Fi 
temperatures the same power! marked structura Inge four the 
5 if the thermal blanketing, for ex typifving th 00 and 14 F. temperatur J 
ample, were extended The desired normalizing tem by Fig and | elatively fine-grain 
peratur f1795° Fw hed without difficulty in type of structure 1500° Fj 
| 
* Former heat-affected structure in the pipe met n let 
JANUAI 
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Metallographic Structures Resulting from Norm ilizing Carbon-Molybdenum Steel Pipe 


Etchant 3°7, Nital—100 x 


WELDING CARBON-MOLYBDENUM PIPE 


| 
HZ 
> 
| Structure of ¢] pipe as received: t-rolled and drawr 4° 


en 


similar to the original hot-rolled structure, was obtained 
Fig. 15). 

As mentioned earlier, an objection that has been 
voiced to field normalizing of welds has been that the 
heat-affected area would thereby be transferred from the 
area adjacent to the weld to another area away from the 
weld. Although this area was transferred as predicted, 
a significant difference was observed in the character of 
the microstructure resulting from local normalizing as 
contrasted with that resulting from are welding. The 
most*significant aspect of this difference is that the 
heat-affected area resulting from normalizing was ap 
proximately 60 times wider than that resulting from 
welding and was free of the sharp temperature differen 
tials and the isothermal lines associated with the in 
dividual weld passes. In particular it should be noted 
that the heat-affected area was entirely free of grain 
boundary transformation such as occurs in the heat- 
affected area of welds in coarse-grained steels, and which 
appears to be the forerunner of the serious “‘chain’’ type 
of graphitization. 

he tortuous or irregular type of structure in Figs 

12 and 14 might be expected to yield nodular graphite in 
random distribution upon heating in the range of 850 to 
L000" F., which is the approximate operating range for 
high-pressure steam generating stations, provided the 
steel is such that it will graphitize. However, the nodu- 
lar type of graphite is not considered to be serious in the 
Same sense as is the “‘chain’”’ ty pe 

A further question that might be raised concerning 
local normalizing of welded joints concerns the forma- 
tion of scale on the inner surface of the pipe. After test, 
some of the scale was scraped off the inner surface and by 
micrometer measurements was found to have an average 
thickness of 0.010 in. The scale could be scraped off 
only in the area that had been the hottest, approximately 
Sin. in length. The scale, owing to its thinness, was 
friable and probably would create no difficulty inside a 
steam line. 


Conclusion 


It has been shown by a preceding investigation that, 
in a carbon-molybdenum pipe-to-pipe weld, a more 
favorable structure in the weld metal and in the heat- 
affected area of the pipe can be produced by normalizing 
than exists in the as-welded or in the stress-relieved con- 
dition. 

This investigation has shown, by means of a test made 
under field conditions on an 18-ft length of 14-1n. diame- 


ter, Schedule 100 pipe, that local normahzing o 
areas in piping can be accomplished readily by 
of 60-cycle inductidn weld-stress-relieving equipm 
sufficient capacity. Approximately hr. w 
quired to reach a nominal temperature of 1725° I 
The heat-affected area resulting from local nor: 


‘) 


ing is thany times wider than that produced 
ing 


g and is free of sharp temperature gradients. Alt 
some general graphitization may occur in the new 
affected area, it 1s highly improbable that the 
“chain’’ type of graphite associated with the isot!] 
gradients of are welding can be formed. No graphi 
tests were made on the pipe after normalizing. 

In view of the favorable results to be obtained 
the local normalizing of welds, the slight amou 
scale, approximately 0.010 in. in thickness, that may 
on the inner surface of the pipe is not objectionable 


by 


Discussion 


Question: What about the maintenance of 
spring’ during normalizing 

Answer by Mr. Corey: In order to modi 
effect of expansion and contraction, runs of pipe 
monly are cut short and sprung into place Phus 
the welding is completed and the line still at roon 
perature, stresses due to cold spring will exist whi 
roughly equivalent to those resulting from cor 
of thermal elongation of the line in the oper 
condition. Unless steps were taken to prevent it 
would be plastic flow in such a line in any circumier 
band heated to 1725” F. for normalizing Che su 
way to prevent such flow and thereby maintain tl 
signed amount of cold spring would be to wel 
normalize all welds 1n the line except the final or « 


weld. A type of rigging which would not int 
with subsequent welding and normalizing would tl 


applied to the pipe ends of the closing weld, 


should be located at a poimt of low bending stress 

pipe ends should then be drawn Loge ther to produc 
designed cold spring, and the rigging left in plac 
the joint was welded, normalized and cooled t 

temperature. 


Such a practice is at present employed by the aut! 


company, to prevent possible loss of cold spring ct 
stress relieving at 1200° F. While it may be argu 

it is an unnecessary precaution when the temper 
of the heated band does not exceed 1200” F., it cert 
would be required in the case of normalizing at 17: 


Reviews of Recent Foreign 
Welding Literature 


EpIroRIAL Note—TZhe Welding Research Council is 
unable to obtain current foreign welding literature and 
these abstracts are taken from the Welding Literature Re 


view published by the Institute of Welding. 


SoME DEVELOPMENTS IN THE HARDENING OF FERROUS 
Attoys. III. Metallurgia, vol. 30, 1944, May, pp 
33-31. 

After a brief survey of flame-hardening machines, the 
author describes in detail the Shorter N.3 automatic 


6-s 
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surface-hardening machine, in which the heatins 


quenching are timed with synchronous clocks wor 


in conjunction with the gas and water valves. 
valves are connected to two special Budenberg 

which can be set in such a way that the contact 
mediately shut down the plant, if the gas pressur 
parts from the correct working pressure limits. 


amples are given and illustrated of work carried 01 


this machine A steel hammer head, sectioned 


etched, is reproduced to show the results of the hard 


treatment. For this the Shorter machine was set 
the object of producing a tempered martensitic stru 
and at the same time a heating procedure embra: 


(( ‘ontinued on page 24-5 
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COMMITTEE ON FATIGUE TESTING (STRUCTURAL) 
OF THE 
WELDING RESEARCH COUNCIL OF THE ENGINEERING FOUNDATION 
SUPPLEMENT NO. 1 TO REPORT NO. 3 


Fatigue Strength of Butt Welds in 
rdinary Bridge Steel-Maximum 
Stress Compressive 


Summary 


HIS series of tests was planned to give the fatigue 


strength of butt-welded joints when tested 


On i ame 
cycle in which the largest stress was compression 
Four groups of tests were planned with stress cycles as 4 


ws 1) zero to compression ; 2) compression to 
li as great: } compression to tension three / 


iS great rhree specimens were tested on each ior ios 
he above cycles with a maximum compressive stress 4 


,UUU psi Che remaining specimens were tested at Machined to 42 
I tress necessary to obtain the data for S-N curves ‘ 
bta | after weldina 
rious evcles between 100.000 2.000.000 4 
li , "Wed Fig. 1—-Details of Specimen for Tests of Butt Welds in Carbon 
too] > ayimum Streee 
' The findings of greatest interest to designers are the Steel Plates, Maximum Stres pressive 
For butt welds in ‘ s-in. carbon steel plate of the obviously the condition under whi tigue strength 
lity of A.S.T.M. Specification A7, with carbon not would be least. After the completior that Report 
25° nor manganese over 0.70, commercially butt the designing engineers on the Cor ttee pointed out 
ed in accordance with the AMERICAN WeELDING lUlat weld stresses based on that Report would probabl 
ry Specifications for Welded Highway and Railway %¢€ wasteiul in applications where the maximum stress i: 
ind in compliance with all the specification re compressive, and it was deemed essential to explore tl 
ut ents lor inspection of operators ind tor work probability The set of tests herein re rte \N 
Nite nship, whether welded in shop or field, and in any COrdingiy undertaken in 14 
| there may be anticipated, in the as-welded con 
ed 
tiot lependable”’ faticue noth 
iependaadls atigue strengths as follows 
ng Details of 1 
etalls ests 
~% 
ro-to-compre Te) \ 14) 1) psi 
\ WM) psi groups Ot tes were pianned tres 
mpre 10nl-to-tensionu \ 1) O00 fol] ws zZeTo to compressior compression to 
uurth as great \ 2,000,000 18.400 
ion-to-tension \ 100,000 90.900 tension one-fourth as great compression to tension 
ill as great \ 2 000,000 14 ) one-half as preal : compression to tension three 
10n-to-tension \ 100,000 17,70 fourths iS oTeal speci were tested ‘ ich 
fourths as great \ 2,000,000 11,800 
10 to-equal 100,000 psi * 
full reversal \ 2.000,000 11,000 psi.” 
in 


For butt welds as described under 1) it may & / SN, 


, reasonably be expected that the fatigue strength on any 2 > 


in which the maximum and minimum stress art 


sure th compression, for 2,000,000 cycles, will considerably ot 2 
ced the static yield point of the base material = 


General 7 


8 
7° 


tructul € tests on butt welds subjected to repeated loading, { 
rat ized in Report No. 3, were all conducted on cy IS 

> 
which the maximum stress was tensile, this being 


mage 2, Item 2 Fic. 2——Details of Welding 


from Report 
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CS¢ Vil 3. pa ding Procedure 


Table |—Welding Procedure for Double-V Butt-Welded 


Joints (7/,-In. Plates) 
Specimens: No. 48X-1 to 43X-24, Inclusive 
Electrode: ie-in. A.W.S. E 6010 
Polarity Reversed 

Position : Flat 
Voltage : 28 v. 


Amperes : 200 amp. 


of the above cycles with a compressive stress of 32,000 
psi. The remaining specimens were tested at the stresses 
necessary t obtain the data for S-N curves of the various 
cycles between 100,000 and 2,000,000 cycles. 

Each specimen was made of two plates 12 in. x 7/, in. 
x 1 ft. 10'/, in., remaining from previously tested butt- 
weld specimens. These plates were cut back, machined 
and welded as shown in Fig. 1. The welding procedure 
is given in Table 1 and Fig. 2. 

All welding was performed by a qualified welder from 
the laboratory staff. 

Nine layers were placed for each weld, the first layer 
of the weld being chipped to sound metal before placing 
layer number 3. 

The results of the tests are given in Table 2. The 
stress cycle in thousands of pounds per square inch ten- 
sion or compression on the plate is given in column 1, 
and the number of cycles for failure in column 2. These 


Open Dots 0o-Calculated Fatigue Strength at too,0c00 Cycles. 


Filled Dots «- 


data were plotted to a log-log scale to determine 
mate S-N diagrams as discussed in Report No 
values of the fatigue strength corresponding 
at 100,000 and at 2,000,000 cycles as thus det 
are given in columns 35 and 4 of Table 2, and thi 
of the failure is given in column 5. 

It will be observed from Table 2, ee in eac] 
four stress cycles investigated, the maximum st} 
set at »2.0 in order to observe the falling om 1 
endured as the minimum stress was ¢ hanged to 
ind greater tension. 
which illustrates the extreme difference between « 
sion and tension in endurance of repeated loadin 

In Fig. 3, the fatigue strengths as calculate: 
individual specimens of this supplementary se1 
100,000 and 2,000,000 cycles, are plotted, using 
ence of symbol to distinguish between the two ; 
numbers of cycles. Also two lines are drawn, repr: 
probal le “depend ible’ values of fatigue stret1 
these two numbers of cycles. In Table 4 thes« 
able’’ values are tabulated 

In considering g the symbols on the vertical, or « 
sion-to-zero line of Fig. 3, it will be realized 
2,000,000 value is indefinitely higher than the 
psi. plotted, and the 100,000 value would be f 
the viel d point of the base material. It will also bi 
nized that the values on the left 45” line are repeats 
Report No. 3; the full reversal or tension-to 


Ta 


Chis effect is recorded in J 


’ 


compression tests of the several previous Series 


2000000 « 
i + — rs 
No tests made inthis quodrant because 
| itrepresents the cycle Compression-to- 
a-lesser-Compression; for.which Cycle 
Max.is obviously well above the Elastic 
_Limit of the material, Fatigue fail-— 
ure under non-reversed Compre ssion will 
not occur in structures: as designed. 
4 | 
| | 
WA 
x 
0a 
U 
20 15 Te) 5 O 5 Te) 15 20 25 30 35 40 
- Min.= Tension + Min.= Compression 
Fig. 3—-Calculated Fatigue Strength of Butt Welds. Maximum Stress Compressive 
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Table 2—Fatigue Strength of Butt Welds in Compression Table 3—Numbers of Cycles Endured Under a Fixed 
Compression and an Increasing Tension 
No. of 
Cycles Fatigue Strength 
for Fail Kips Per Sq. In Ly | rain and 
1] r Sq é Minimut erag 
Cycle, ure in n n Location 
Sq In 1LO00's 100,000 2,000,000 of Fracture 62.0 to 4 U +14. ¢ tailure)* 4 failur 
2620.7 —32.0+ At radius 1 
0 0207 .2 32.04 Did not fail 
1164 29 not fs | led ] 
0 02 .0-F Did not fail * Omitting one which failed away from the weld 
Ay — 32.04 ee note under Table 2 
8.0 165.6 —34.7 At radius 
tO 8.0 319.8 —358.6 Edg« weld 
8.0 155.4 ; —25.2 At radiu 
) 6.5 170.7 1) Edge of weld 
56.0 1314.6 22.4 Center of weld 
- At ra Table 4—Dependable Value of Fatigue Strength of Butt 
Av —-36.3 —22.7 Welds. Maximum Stress Compressive 
: 16.0 9.7 29.8 Edge o! veld 
0 16.0 93.7 —27.7 td of weld . = 
y 16.0 —28.8 Edge of weld 2,U psi 
10.5 4563.1 -21.0+ No failure Cycle comp n-to-tensio 27,60 
12 ) 29.9 3 Ce of weld or tourt! g it 
to+10.0 1416.3 19 Edge of weld Cycle compression-to-t: 0) — 20,901 
9 12. 0 503 —21 3 Cent if weld half as great y 
14.0 120.0 24.0 At radiu pr 10n-to-t ) 
Av —26.9 —21.4 three-fourths as great 2,0 80) 
t 1.0 . Edge of weld full reversal \ 2,0 ) : 
‘ 
24.0 8.2 23.2 Center of weld 
8.0 —20 Cr f weld 
5 2 7 of weld 
) Q 75 1065.6 11.8 ( t of weld 
118.4 —13 0+ No failu 
3292.4 13.04 re equally well as compr 10n-to-equal-tension tests t 
Ay ROG | 2.8 of weld 
round out the present prograt 
Vv. Gi ) 
N tests on compr m-t lesser co! re VE 
enon without the guides to prevent klin ed of been made, as the results on the compressior ero 
men her wa a great deal of im to pe 
f the data show that there would be Ires ¢ t at unit 
str well above the ‘ 4 
YTlaXla Tension 
r By L. H. Dorrell* 
o xX 
Introduction ‘ther principal shear stresses ma} xumum effect 
L of 15°, or so on shear failure t that 
I materials under compound stres Uri rl e 1S 
y conditions is, of course, a very complicated sub ecurring h in influence on v er 1 I lure 
nr ject. However, all the evidence available indi is plastic or brittle, but these are probabl nor tors 
t that there are two main types of failure, shear and 1 parison to those noted ] I 
y) , e (defined as a true tensile failure due to over particularly to failure under static | but it 
cohesive bonds under tension); that shear fail that the above factors are alst jor rt n 
pends principally upon the relation between the nnection with fatigue failure and cree] 
um shear stress present and a fundamental physi Under the most common loading condit uch a 
, perty of the material which might be called its pure tension or bending ot bars, ther rati f 
trength; and that cohesive failure depends prin 2:1 between the maximum tensile stre t] 
the relation between the maximum tensio1 maximum shear str resent \ 
resent and a fundamental physical property of simply one having a larger rat than 1 betw it: 
i 
terial which might be called its cohesive strength. cohesive and shear strength » that it | yy shear 
r characteristics of the stress condition beside: der such loading conditions, whil 
ley +} +1 } +. 
ximum shear stress and the maximum tensile sunply one having a iller ratio th Ui] DEL ILS 
undoubtedly have some effect: for instance, the cohesive and shear strengths hesively 
Institute of Technology, Chicago under such i loading conditio1 
\NUAF 
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Sreress distribution 


—> 


across neck 

Section AA 

Séerion 
Fig. 1 
Experimental Difficulties shear stress anywhere ate extretnely rare and hard ws 
pt 
produce and control experimentally. 

It is easy to measure these two strength properties for a Phis does not mean that conditions in which the ; 
brittle material, say, by simple tension and compression mum tensile stress anywhere is more than twice the 1 , 
tests, and it is easy to measure the shear strength prop- mum shear stress a/ that point are rare. This r a 


erty of aductile material. It is very difficult, however, to 
measure the cohesive strength of a ductile material, be 
cause loading conditions in which the maximum tensile 
stress anywhere present 1s more than twice the maximum 


condition of triaxial tension at the pomt, that 
which the three principal stresses are all tensile but 
necessarily equal A condition of biaxial tensi 


the third principal stress is zero is no different trot 


B 
= 
pecrnien ] 
| 
} 
N 
| 
aN 
Sects PR A 
~EcCT/ION EE Secr:on AA 
Lever system to 
apply tevs/ion to inner 
bar are compress ian 
ovter tvbe Cerrain ratio 
Fig. 2 
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| in this respect, because the ratio between the 
um tension and maximum shear stresses 1s still 
Such conditions of triaxial tension are actually 
mon and failures under these conditions are not 
inknown, which is the reason why it 1s so essential 
e careful quantitative studies of the behaviors of 

ils under these conditions 
re seems to be a great misunderstanding, however! 
real nature of the difficulties lying in the way of 
tudies The difficulty is not to produce a state of 
| stress, because this 1s ver easy, and ther 1S, 
~—e therefore, little point to elaborate schemes which have 


Probably the 
i rather deep! 
ed round specimen to tension, which produces a 
ial tensile sullicient to ¢ 
ost ductile materials. 
he real difhiculty lies in interpreting quantitatively 
ults of such tests, because of the complicated and 
which when failure 
merely a matter of elastic stress con 
could be attacked by well-known 
trouble is that, while there is one point 
failure can occur, there are other neigh 
first Eventually, 
esive failure occurs, but not until so much yielding 
in other places has occurred that the stress distribution 
probably no longer bears anv resemblance to what it 
would be under elastic conditions. 

This condition would be even worse with most of the 
other methods which have been proposed for producing 
triaxial tension. Even in the case of the sudden cooling 

sphere, the elastic analysis Timoshenko’'s 
Theory of Elasticity, 1st that the 
ximum tensile stress at the center of the sphe re, far 
being more than twice the maximum shear stress 
ch occurs at the surface), is actually only 0.77 times 
maximum shear stress 


be proposed for accomplishing this. 


simplest way to produce it is to subject y 


condition use cohesive 


res inn 


wn stress distribution exists 
on ! It is not 
entration, which 

xls Phe 
y] cohesive 


Id 


(see 
ed., p. 378) shows 


Suggested Methods of Approach 
msidering these difficulties, three possible lines of 
ck suggest themselves 


try to 


rhe first and most promising 


design a specimen which will remain sub 


tially elastic up to the instant of cohesive failure 

r shows a section of an ordinary grooved round 
specimen, and the probable lines of tension flow 

tress distribution across the neck Due to the 


neck 
ture of the outer tension flow lines, a radial com 
is required for equilibrium of elements such as 
creating a radial tension which 1s zero at th 


ide and rises to a maximum at the center. However, 


if the axial stress at the outside were the same as 
le center (and it is actually much greater), yielding 
would occur at the outside, due to the axial and tangen 
NUARY 19 


tial stresses there long betore corn ( ulure would 
occur at the cente1 

Now if the stress at the out it down t 
value a little below what vw ( 
made to increase toward the 
woul keep it be low the yiel ert 
suggested by the tted |i ¢ re would st 
be a radial stress, although it would not be as great a 
before Rough calculations show, however, that ( 
hesive failure could probably be ol it the’ center 
under such conditions betore at vielding would take 
place. The stress distribution, and, therefore, the stresses 
at the point where cohesive tailut urred, could tl] 
be definitely determined by 1 theo r experi 
mental methods. A possible method of producing sucl 
i stress distribution across the nec] t the pecimen 18 t 
slit the ends of the specimen int ectors and subject 
each sector to radial bending t reduce the stress 
at the outside of the spe e it at the 
center. Figure 2 suggests how tl be carried out 
Such a setup would obviously be table to tatigue 
testing as well as static testing \ further advantag: 
would be that the stress distribution, being elasts 


would be the same for all materials, so that once such 


method were developed it could be ipplied 1 mat 
other materials without further difficult, 

he second possibility is to use an ordinary deeph 
grooved tension specimen, and attempt to determine the 


stress distribution across the neck at the instant of ay 


pearance of a cohesive failure by all the means avail 
able, such as plasticity theory, strain measurements 
the surface and measurements of residual stresses | 
similar specimens whose loading has been stopped just 
short of this point. Such a meth s sure t eld some 
results even though the accuracy may not be very high 

[t would also evidently be possible to subject such a 
specimen to repeated stress cvcl 1 which practically 
all the plastic flow would occur during the first 
hence the stress distribution would be the same as in a 
Static test. Fatigue cracking w not occur 
first at the center, but at least tat the 
conditions for fatigue cracking might be obtained 

The third possibility is by use of a bimetallic sphere 
such as proposed by Mr. Manjoine, the outer iterial 
being stronger than the inner and the thermal expansior 
properties of the twe terials be roduce 
the desired results at a stant t erature It gh 
be better to make the inner sphere somewhat larger that 
shown by Mr. Manjoine so tl t t wou ib 
iected to a smaller tet n. a 1 e the uter t 
in the form of two hollow he: pher the int be 
tween them being subjected to compressio1 However, 
the experimental difficulties of obtaining reliable quanti- 
tative results would seem to be very gr the possi 
bilities, in the way of materials which uld be tested 


very limited 
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Flash-Butt Welding— Welding 
Technique and Variables in 


Welding Low-Alloy Steels 


By J. J. Riley’ 


HE fabrication of joints in low-alloy steels by 
the use of the flash-butt welding process is not a 
new, but a continuing development. A number 
of fabricators have been successfully welding low-alloy 
steels for several years The simplic ity of the process is 
evident when it is considered that many present fabrica- 
tors had no previous experience with flash-butt welding. 

The use of an alloy steel in a structure implies that the 
unit stresses used for design purposes will be greater than 
in a similar structure made of mild steel. It follows that 
welded joints must correspondingly stand higher stresses 
than a welded joint in mild steel. As the ability to stand 
higher unit stresses in the parent material is increased by 
heat treatment, the quality of the welded joint must in 
crease. The flash-butt welding variables must be care- 
fully controlled as the heat-treated tensile strength ap- 
proaches levels of approximately 185,000 psi. The 
human element can possibly be the greatest variable in 
the flash-butt welder process. For this reason, it is to be 
expected that low-alloy steels would be welded most suc 
cessfully on automatically controlled welders. 

The chemical composition and physical properties of 
low-alloy steels may cause the steel to harden rapidly in 
the weld zone or to weaken in the weld zone because of 
the loss of the effects of cold working. The quenching 
effect can become so drastic that cracking may result if 
no precautions are taken. This cracking can be elimi- 
nated by reducing the cooling rate after welding. The 
application of preheating or postheating accomplishes 
this function. Preheating is the operation which raises 
the temperature of the work pieces before the flashing 
action starts. Two methods of preheating are in current 
use. In one method the work pieces are butted together 
such that the passage of an intermittent current across 
the faying surfaces will cause heating without either ex- 
pulsion of particles, or partial welding of the faying sur- 
faces. In the second method the power is continually 
supplied to the welder and the work pieces moved back 
and forth. The faying surfaces are butted together and 
opened a number of times until the attempt at further 
butting causes the flashing action to start. Postheating 
consists of passing a heating current through the welded 
joint for a short period of time after the weld proper is 
made. 

Normally, steels with carbon contents up to 0.50% 
can be welded without cracking and without using pre- 
heating or postheating, provided the section at the weld 
zone is approximately 1 in. in djameter. The need for 
preheating and postheating in flash-butt welding is lim- 
ited for metallurgical correction. It is an available tool 
which has not found wide use up to the present time due 
to the small number of applications where it is needed. 


® Presented at the Twenty-Fifth Annual Meeting, A.W.S., Cleveland, Ohio, 
Oct. 16 to 19, 1944 ; 
¢ Welding Engineer, The Taylor-Winfield Corporation, Warren, Ohio. 


[t is present practice to increase the forging 
unit area of the welded section when welding loy 
steel beyond that used in welding mild steel. 1 
terial presented in this article does not indicate th 
a practice is or is not desirable. The point will 
debated because of the lack of formal eviden 


large range of section sizes and range of welder « 


Flashing Action 


The flashing action is that portion of the fla 
welding cycle in which the work pieces are heat 
subsequently fused together during the forging 
For optimum weld quality the work pieces must 
proper depth of plastic zone of the correct di 
plasticity. If these two factors could be measur 
rectly, it would avoid the necessity for interpretati 
correlation of indirect measurements to judge the 


of plasticity and depth of plastic zone. 


Nature of the Flashing Action 


he heating during the flashing action is primar 
the resistance type which classifies flash-butt wel 
one of the processes included in the general cat 
resistance welding. The resistance type ol heat 
caused by two effects. The first effect is the 
caused by the electrical current passing through t! 
tional area of the work pied es behind the laying 
This generation of heat in the work pieces 1s set 
The second effect is the heating localized at the 
surfaces which furnishes the primary heating for wel 
When two work pieces are brought together, a numbe1 
tiny contacts will be made. The passage of an el 
current through these contact points will cause thi 
contained in the contact portion te heat. A metal! 
of varying resistance throughout its length is f 
The same current value must pass through th 
and as the heating effect can be expressed as / 
part containing the greatest value of RX (resistanc 
have the most heat generated init. As the bridge 
the metal contained in and around the contact 
reaches the molten state. When the cohesive for 
the metal contained in the now liquid bridge be 
less than the magnetic forces acting on the particl 
tained in the bridge, the bridge ruptures and the ] 
flies off in the incandescent state. The force of gra 
negligible as particles seldom fall into the secondar 
cuit loop. In flash-butt welding a number of bridg 
formed and ruptured simultaneously and withi 
short intervals of time. The time of heating to rupt 
a bridge is of the magnitude of one millisecond. 
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Craters Formed During Flash-Off Secondary Volts 3.93 Fig. 2 ed During Flash-Off Secondary Volts 5.24 
Max. Sec. Current 25,000 4,000 
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Che above theory of heating excludes the possibility 
of an are existing in the flashing action except at certain 
intervals. If the heating was confined to one metal 
bridge, the rupture of this bridge would cause the second 
ary circuit to open. If the rupture occurs at any in 
stant other than that at which the secondary current is 
passing through its zero value, an arcing effect must 
Che secondary circuit contains inductance which 
contains an amount of stored energy equal to /*L/2 
Chis energy must be dissipated in the heating of the 
secondary circuit resistance and in the are which is 
formed as the sole bridge ruptures. 

When the heating is taking place through several metal 
bridges and one metal bridge ruptures, an arcing effect 
should not occur. The shunting effect of the remaindet 
of the metal bridges should prevent the buildup of a 
high transient voltage between the faying surfaces and 
also offer a comparatively low impedance path for the 
current to flow over 


Occur. 


Energy Input During the Flashing Action 


[t is conceivable that the metal bridges could be raised 
to the rupturing state in varying lengths of time by 
changing the level or magnitude of energy input. The 
level of energy input affects at least two factors. The 
first major factor is the depth of the craters formed 1n 
the flashing action. Figures | and 2 illustrate pictorially 
the depth of craters using two levels of energy input. In 
order to evaluate the depth more easily, pictures were 
made of the same work pieces through different planes 
formed by removing part of the metal at the flashed sur 
faces in successive stages. The dimension indicates the 
amount removed from each piece. These pictures are 
evidence of the general axiom that deeper craters are 
formed when the level of energy input 1s high. The level 
of energy input may be considered as varying with the 
square of the secondary voltage or current. 

The second major factor is the variation of the slope 
of the temperature gradient and the actual temperature 


distribution in the weld zone Figure 3! illust 
temperature distribution of welds made at thre 
energy input. While the effect of the level of en 
is obscured because part ol the heating has be 
by preheating, as well as flashing, neverthel 
eral trend indicates that low levels of energy in 
in the work pieces reaching higher temperatur: 

Chis effect can be explained by considering 
bridge theory of flashing. As the level of ene: 
is raised, the volume of the incandescent part 
ire expelled is increased. Normally the higher 
energy input 1s accompanied by an increase in t] 
energy input to make the flashing action co 
Che end result 1s an increase in the number 
ruptured per second. As the ruptured bridges « 
candescent particles, some of the energy 1s throy 
Much of the heat that remains is that concent 
the ends of the metal ridge Ss These points ol hi 
perature cause heat to dissipate into the wor 
proper. If a large number of bridges are rupt 
second, the heat concentrated at the end point 
first wave of bridges is expelled in the form of a su 
wave of bridges before much heat flow can tal 
into the work pieces 

While the level of energy input is primarily det: 
by a combination of secondary voltage and the se: 
current produced by it, the rate of energy input 
on an additional factor. This factor is the vel 
the work pieces. The velocity is not constant dur 
flashing action and is varied by the shape of th 
cam. The actual velocity of the platen or work | 
any point is determined by the contour of the 
cam and the velocity at which the cam is moving 

The contours of several flash-off cams used succt 
for production parts is shown in Fig. 4. The cont 
these cams are not necessarily simple, continuou 
matical functions. The contours in several « 
determined by measuring the platen motion whet 
ally controlling the flashing action by an expe 
operator. An experience d operator can provide 
rect motion to the platen to ‘make the flashiny 
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ntinuous by just the feel of the operating lever and the trated in Fig. 5. An investigation of this figure indicates 
nd and appearance of the flashing itself that mest of the energy furnish the current wave 
The cam contour indicated by Curve A, Fig. 4, 1s the will occur in that portion of the wave in which the cur 
general type used to weld flat stock when the ratio of | rent is passing through its maximu i If such is 
perimeter to area is large. Curves B and C are the con the case, it is to be expected that 1 t of the metal 
urs used for tubing in the smaller diameters. Curves bridges will rupture during this portiot the input cur 
nd £ are the contours used for welding compact sec rent wave Chis is found to be true. Figure 6 cont 
such as solids, squares and thick wall tubes, 1n in oscillogram of the load voltage or the ltage across 
which the ratio of perimeter to area 1s small the work pieces and the primary weld urrent during 
\ll the contours of the cams shown in Fig. 4 are based __ the flashing action. If the asst le t the 
cr mpletely automatic operation of the welder. For load voltage ind secondary irrent | ise, the 
reason the initial cam rise is slow in order to allow — shape of the load voltage curve and th ndary current 
flashing action to even out along the abutting faces of curve will be similar. It is noticeable that the peaks of 
the work pieces before the rate of energy input is in the load voltage wave are distinctly irregular indicat 
reased by more rapid movement of the platen. The evidence of the expulsion of vr of incandescent 
cam rise is comparatively fast to decrease to a_ particles during these periods 
minimum the time that the high-temperature surfaces The fact that the energy input vari tinually by 
will be exposed to the atmosphere immediately before the nature of an alternating current he « 
upset period. Such a precaution is necessary if oxidi- tributing causes for the variation in deptl rater 
lion of the high-temperature surfaces is to be mim formed during the flashing acts 
ed The natural time variation of the current wave lb: 
cause of its alternating ture ther fluence 
change in secondary circuit impedances The possibility 
Electrical Considerations in the Flashing Action of examining the current variation in the flashing actiot 
from a study of electric circuit tl practically im 
‘he heating of the work pieces is principally produced possible if accurate calculatior re desired. If the se 
the heating of metal bridges. The metal bridges are ondary voltage at the terminal the transformer 1 
ted by the passage of the electric current. The heat ussumed unaffected by change in secondary amperes and 
1 any particular bridge takes place in a fraction of | the inductance and resistance of the ndary circuit 
tie normal 60-cycle frequency wave. Anexaminationof assumed constant, and the impedance of the contact 
nusoidal current wave in which the averaging period points is primarily resistance, the fundamental circuit 
been cut from 0.01665 sec. to 0.000695 sec. is illus equation becomes L(di/dt) + Rif ! 
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Chis value is selected to typify a metal bridg 
+ condition when switch @ is closed just as th 
PERIOD he ea voltage wave goes through its Maximum positive 


= (900 + 55) 10-* + 7109 10-* 

962 & 10 
8/0 


962 107°/6.5 


| rhe general solution is 
a(t) 1, + 2,(t Ae 
Z 
t 
| Time in Milli 
| am seconds After Steady rransient \ 
Closure State Component 
0 8330 &3. 
0.1 833 — 5940 2300) 
0.2 83 — 4330 
0.5 833i 1610 


Sarersaun Solutions for two other conditions are shown in Fi; 

ai One important factor ts iled from the pa 

"| \ | analysis. When switches a, and c were closed ai 
switch @ was suddenly opened without arcing, tl 

ed current in the circuit was 20,550 amp. at this 


Each resistor R; has 6850 amp. flowing in it immed 
I 


Fig. 5 


velore opening switch a. As soon as swite 


ld ope 


current through the two remaining resistors 


change to 10,285 amp The volt ige across t] 
As the work piecé resistance XK; due to flashing is a . 


function of ¢ (time) and not a periodic or known function, 
a solution to the equation could only be made by assum 
ing a function of the variation of R; with ¢. 

[f the two work pieces are assumed contacting by one 


resistors Rk, changes from 2.05 to 3.08 v. acros 
sistors ;, or in other words, the load voltage 
denly increased. Such an action does take plac: 


ictual flash-butt welding process and is illust: 


ait . ; Fig. 6 showing the rise in voltage acr the wor 
metal bridge in. in diameter and » in. long, the re 1 
1 near the peak Ol Un voltage wave when the heat 
sistance across the work pieces will be 143 XK 10~° ohms i. , 
“ expulsion of particles are most likely to exist 
at 20° C., and 1580 X 10-* ohms at 1500° C. The in- 


crease in resistance is marked with increase in tempera 


ture. The Flashing Action as Observed from Measure: 
Examination of the flashing current wave taken on an 


: in n of Electrical Quantities 
oscillograph shown in Fig. 6 indicates the drastic changes 


in current magnitude in any half cycle. The changes in 
instantaneous currents are reflections of the change in 
circuit impedance by continuous rupture of old metal 
bridges and the formation of new ones. se : 
re yr + measure small differences in weld quality by inter 
Because of the short interval of time, transient effects : 
aoe tion of normal meter records. However, impr 
in current action are important. The transient effects , 
, - agit jo welder operation can be easily deduced by a stu 
can be investigated if a simplified circuit is used. The ed 
ecoraing meter recoras, 
circuit constants are selected from a flash-butt welder 
with a very small secondary loop area to decrease the 
impedance of the loop. 


Che application of electrical meters to measur 
of the variables during flash-butt welding 1s a cor 


tively new field. At this time it has not been p 


Flashing Current 


The first quantity that is normally desired 1s a r 


R, \. of the secondary current. Because of the size and 
ee of a proper current transformer and the general ina 
bility of the secondary circuit, the primary curt 
measured instead. Two methods are readily a\ 
win a for measuring the primary current. One method 1 
oscillograph. Oscillograms of several primary 
waves are shown in Fig. 6. The irregular wav: 
= occurs during flashing; the regular wave form 
, upset. The other method is the recording ammeter 
recording of primary current is shown in Fig. & 
fark anal record has been replotted from an actual current 
to indicate magnitude at a constant differential 
; The oscillographic record indicates the extreme! 
hazard wave form of the primary current and emph 
| the impossibility of evaluating the effective current 
.¢ 900 & 10~-° ohms. a large number of cycles without recourse to elab 
16- WELDING RESEARCH SUPPLEMENT JANUARY 


mathematics or graphical analysis. The additional factor 


1 
successive oscillograms of the same welding condi lar as the flashing current but of simula 
may indicate marked deviations from the carefully irregularity of the current wave in the f 


red wave makes such an analysis valueless even for the effect of a high level of energy input a1 
) itorv worl locity of the wor piece with 1 
Vhile oseillograms of primary current during flashing When the level of energy input is lower 

t be successfully used for evaluation of the heating locity of the work pieces increased, the curt 


f the current, the oscill ums do furnish worth- 1 
le information.. From an oscillogram it is possible to tour D of Fig. 4 was used and it i tice 
he degree of continuity of the flashing action. When portion of the current recordi: e! 
urrent falls to zero, it 1s obvious that flashing must similar to the cam contour 
yped during that period of time. Therefore for the correct « bination of t levi 
flashing action must produce a primary current and the proper flashing time. | 
that is free of dead periods. The period of time shape similar to the im contour, it 


YT 
+] 


bef rt upset isa critical one 111 the welding etiect e } lu ot the urrent 1 re] 


It is very important that the current flow does the platen independent of the 

e during this interval of time. It is equally im factor is further evidence that the 
t that the butting action does not start until the heating in the form of metal 

tarts the upset motion. Both of these effects true action than an arcing phenom 


ig surfaces which are at high temperature 


irt to oxidize before upset starts and closes the flash- 


€ primary current wave as illustrated on recordin 


eter all a possible estimate of the heating cur at ilue of sec dar. 
It is still not an easy process as reference to Fig ble in weldu technique 
ites Che’ record of primary current will indicate knowledgt the mnp 


trolled butting during the flashing action. This that the secondary cur 


ction causes the magnitude of current to in ltage can | termined. VW 
drastically which seriously changes the heating ‘lable enet 

ed the flashing period 
lud wattmeter trace whi ul lt ( 
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rece rd of the load volt ive OT the \ oltage ; LCTOS thie 


pieces replotted from an actual recording. Such a: 


indicates that while the load voltage falls shar 
puttin , the idary volt 1 ot seriously 
fact indicats od rmer regulatior 
flashing action 1s fairly steady, the curve of load \ 
is steady Ii the secondary loop impedance i 
| d voltage will be ne irly equal to the condar 
when the flashi iction 1s continuou 

Procedure for Setting Variables That Control t!} 

Flashing Action 

Che amount of metal that 1s to be lost during 
in order to heat the work pieces for welding i 
considered a function of wall thickness in tubi 
of weld surface. As tubing is generally manut 
standard sizes, a combination of area of weld su 
wall thickness is established The charts ind 
Figs. 10 and 11 represent the dimensional allow 
welding. These charts indicate the values for 


of weld variables. The material r pres¢ nted 1 
ite of the data submitted by several manufact 
based on actual experience. No inference shou , “ 
made that the variablk represe nted cannot be ch 
ind still allow high-quality welds to be made. 

All allowances are based on wall thickness wit! 


ssumption that heat flow and absorption are contr \ 
more completely by this factor than any other single 
dimensional factor 

After the dimensional allowances have been est rh 


lished, the proper type of cam contour is selected 
pending on the geometry of the welded section 
flashing time is selected from Fig. 10 or Fig. 11. A‘¢ 
eral chart cannot take account of all types of low 
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FLASHING SECONDARY VOLTAGE | 
TERMIMALS OF TRANSFORMER 


LOAD VOLTAGE 
ACROSS WORK-PHECES 


| | WORK: PIECES | 
| | 
| \ 
| | \ 
5 Te) i$ 20 25 3D a5 
| 
Fig. 9--Secondary Voltage Versus Time Welding 1-In. Diameter S.A.E. 4130 Ste« 
steel If the steel being welded has unusually low ther selected from Fig. 10 based on the original w thickness, 
il conductivity, the flashing time is increased Thisis a new set of variabl should be sel ( 1 on the 
itter of experiment which at the present time cannot wall t kne rmed fi thickness 
be put into precise mathematical terms and the increase in wall thickne ed by the build-uy 
When the flashing time has been selected, the value of of flas] 
inigie ndary voltage is adjusted until the flashing action is 
tinuous during the last portion of the flash-off period 
The lowest value of volt we that will maintain c nsistent The Nature of the Upsetting Action 
flashi hould be used 
Vinle cam contours are established with the basic as Che flashing action is used to heat the work 
potion that a single secondary voltage will exist dur he upsetting action is used t l fuse the work 
the flash-off period, in many cases on automatic pieces. In the upsetting action 1 two work pieces are 
rs it will be almost impossible to select a value of forged together expelling the molt et nd enough 
lary voltage that will give a steady flashing actio1 oi the plastic metal to close all crater med during the 
the last portion of the cam contour without caus flashing acti nd « ] ide ! ( 
runcontrolled butting (pieces not flashing but heating puriti The torging action | riable 
exist for indefinite periods during the first portion of | one, is the velocity with which the tw ce é 
contour Phere are two remedies available for toward each other: the second he force b ° applied 
ition. One is to bevel the work pieces to help to the work pieces to cause for led thi et 
he difheulty of starting the flashing actio1 The  fores Che upset force SUI 
md remedy is to start the flashing actio1 tahigh  directh Che simplest quantity to mi re O1 timate 
( lat ltage and switch to a lower value of voltag« is the platen force which its the for phed to the mov 
r the 1 hi iction has been adequately tarted. able platen [his torce 1 upplhed l echanical or 
periorm this function the welder must be equipped  hydrauli tem of the weld 


dual voltage control. On certain sectio1 mdi 

by the charts, a combination of both beveling and 

lual voltage is desirabk Platen Force Versus Upset Velocity 
he above procedure is suggested if his 
sired However, in some cases high-weld qua 


t be nec ary. In these cases part of the above value of maximum platen fore | I ly ili Vsti 


ure can be modified in order to gain certain effects this value is based on the 1 Wut llowable oil pre 
Which simplify the over-all production problem. If flat sure in the upset cylinder mu < 
heets are to be welded, the admissicn of current fron of the upset pistor Chis tore har 
le bottom dies will cause nearly all the flash to accumu icteristic, but upsetting 1s lv1 Being a 
on the top surface of the work pieces away from the dynamic action, the platen force must onsidered 
secondary loop. It is assumed that the work pieces or jointly with the upset velo re 
are laid horizontally on a flat top welder. For the Phe type of welder equipped wit ystem t 
€ reason, when welding tubing, the current distribu furnish the force for upsetting allows t] esti 
hould be made is equal iS p< ssible between the tw gation ol the manner of interd ender! et velocit) 
ntacting each work piece. nd platen fore If welde1 
re passing from a discussion of the flashing action chanical action and is upset wit 1 
e second fundamental action of the flash-butt weld the platen force is used to over I icceler 
proce called the upsetting action, another factor ate the platen. If the working oil pri re 1 OO 
ld be considered. When welding tubing, flash accu ind a sudden change in volum« the hydraulic syste 
tes around the inside diameter. This flash build-up occurs because of upset pisto1 
. es quite heavy in some instances and has the effect — will immediately fall unless some d nm im tely 
reasing the wall thickness. If satisfactory result ly tl l onl 


tt be attained by ysing the dimensional variables oil pressure at 1000 psi Phe n ( nit the uy 
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yiston takes place bs 


I cause of the oil flow into upset force of friction and the force to accelerate th 
cylinder. During free upset, the velocity of. the platen If the hydraulic syste is so constructed t] 
is deternuned almost entir by the rate at which oil can pressure ¢ t both the pushing and ex] 
flow into the — set cyl Che platen fore dtheoil the upset pist during the flashing actio1 
pressure pro lucin: it will be « blished by th tive tart of upsetting tl 1 uddenly exhausted 
(1) ( LOCATOR 
0.0 
ECT ROO 
T=Tupe Wart on SHeet THickness D=Torar O.D. = Oursive Dia. or Ti 
A=lyitiac Dis Openine H= Tota. Upser S = Minimum Necessary 
B=Materiat Lost J= Kz Mareriat Lost per Piec LenorH of 
C= Finat Die Opening L=M=|NiTIAL EXTENSION F Contact 
NOTE- DATA |S BASED ON WELDING WITHOUT PREHEATING ¢ 
BOTH PIECES HAVING THE SAME WELDING CHARACTERISTICS. 
LINCHES | INCHES INCHES [INCHES |INCHES SECONOS| INCHES 
| .010 110.060) 050 040) .030| .05 .40 250} .375)| 1.00 
-020| .215| .100| .035] 108 80 | 1.00] 
.325' .175| .150| .125) .050| .088] .163| 1.25 | 375] .37S| |.50) 
Aar 972 | | 7 9 
FLAT 230.200) .165! .065) .115 | 215 | 1.75 | | 
SHEET | 050 530 280, 250) -205| .075) 140) 2.25 15¢ 2.6 
| -620, -330, .290) .240) .090) 2.75 2.56 
510 -385) .280, .105| .193| .358| 350. 1.50 | }.000 3.00 
| .080, .805| .435| .370 .315| .120| .218| .403) 4.00) 2.00 | |.25¢ 
alt + + + + 4 
-090 .885| .475| .345| .130| -238| .443] a.50| 2.50 | 1.750] S_| 
100) .970 .520 .450 .375| .145 -260) 5.00 9-00 | 2.000 ~ | 
L -110/ 1.060) .570 .490 .160) 285) 530! 5.75 3.50! 2.26 | S 
120) 1.140' 610) 1530 .440| .170| .305| .570| 625 4.00 | 2.50| | 
t 4 7 130} 1.225) .650 .575 7.00! 4.50 | 2.75] 
THICKER, BEVEL 150 1.390) 130. .530| .200 365) -695 8.50) 5,50 3:00. > 
ONE WORK FYECE—) | 1.470) .100| +560] .2\o| .385| .735| 9.00) 6.00 3.25) 
; + + t + + + 
.170) 1.540] .140, 220) -400| 9.75) 6.50| 3.50) & 
-180) 1.620) +840) -180| .610| .230| 420) 10.50) 7.00 | 3.75\ = 
TUBING 1.690) 820-630) .240) .435| .645)_ 7.50| 4.00, S | 
.200| 1.760) .900| .860, .650| .250, .450| .880 12.00) 8.00 | 4.25 | 
250|2.010 | |.010| 1.000 .730| .280| .505] 1.005] 16 2.50] 
| -300/ 2.245) 1.120) 1-125) - 560) 1.123) 2! oo| 4.75 | 
[| .350/2.460! 1.210] 1.250.680 .330| .605| 1.230) 27 9.50| 5-00) 
| 4, | 400 |2.640| 1.290] 1.350) .930| .360, 1.320) 33 10-00) S_| 
t .450 12.780) |1.350/ 1.430! .380) .675| 1390/38 Pa 
5°10 10" ~ |" 2.910] 1.410] 1.500) 1.020] _.705| 1455/45 _| 
.550| 3.040) |-465| 1.575 -410| .733| 1.520) 50 
3.135 | 1.505) 1.630, 1.085| .420| .753| 1.56856 | | 
RECOMMENDED! -6501 3.245) 1.555] 1.690] 1.125| .43d .778) 1.623163 | 
FND | . 700! 3.360) 1.610! 1.750 1.160) -805, 1.680 70 
— | -800| 3.525 1.675| 1.850] 1.210] .465| .638) 1.76383 
PREPARATION | .900] 3.660) 1.730! 1,930] 1.250] .480 .865| 1.830197 | 
= ||. 000] 3.800 1.8001 2.000! i300] .500) -500] 5.800110 | 


Fig. 10—Flash-Butt Welding of Tubing and Flat Sheets of Low and Medium Forging Strength Steel: 
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O0.D.: Diameter of Rounos on Minimum Dimension or Otuer Section 
A: In TIAL Die OPENING Torat FLASH OFF L: Initia EXTENSION PER PIECE 
Mareriac Lost H= lorat Upser S:Minimum Necessary Lenore 


C*Finat Die Opening Mareniat Losr per Piece or E:ectrove Con 
NOTE : DATA IS BASED ON WELDING WITHOUT PR 


BOTH PIECES HAVING THE SAME WELDING CHARACTERISTICS 


4 

G) 


ODI A |B | H (0.0.5 |S 
INCHES | INCHES MES INCHES | NCH § INCHES INCHES | INCHES SECONDS INCHES 
050) .100 .050' .050 .040! .025| .40 260 | +278 | ).0 
.270| .120| .150| .090| .030| .060] .135|,.95| | -375) 378115 
.350| . ,200| . 110 .075| 1,50) 
| .250, .430| .180| .250| .130| .050| .090| .2/5| ).90| | >| 2.00 | 
| .300 -510| .2 300| .150 | -105| .255| 2.25 2.50 
4 350.600 .250| .350| O70) 125 | Joo| 2.75) 5.00] 
Q.B. -400| .685| .285| .400 .205, .080 | 343) 3.25 | 2.0¢ 25 
! .45d -770| .320, .450| .230, -090 160) -385/ 3.75 2.50|\ 
. 500. .850| .350. 500 | 1250| +1 00! -175 | 425 4 24 3.00! 2 = 
be- | -940| -390) -550, 195! .470| 3.50/2.25| 
5°TO 1.025) .425, 600} .305| ./20| -213!| .513 4.00:2.50. 
650) | 100 | 325) 125) .58016.95 | 4 
0.0. OR LARGER - Yeo! 1.180) .480, :700| .350| .130| -240| .590| 5.00 S 
BEVEL ONE WORK PIECE 1.260] -510| -250| -376| 135| 255| 8.25 5.50 
Boa | 540) B00 -2/0| .£70| 9,00 6.00 | 
RECOMMENDED 850, 1.420 | +5 70} -B59) +42 9.75 65SC 
| 1.500) 00} .450! 750) JO-Sd! 700 3.75 
-950) 1.580) 630) .475) 90) 7.50 4.0¢ = 
PREPARATION 1.660' .660))}. o¢ SOc .830) 13.00) 4.25 | 
| 1.740) .690)' S25| S| 14.75 4.501 S | 
| 1.100 | 1-820] .720/). 100) .360] - 910! 16.50) 9.094-75| S 
50 1.900) .750/ 1.150! | 275} 95°! 25) 9.50, 5.0¢ ~ 
| 1.200] 1-980) .780) |.200| .390| +930) 20.00! 0-00 
|.250| 2-060, 1.28) -625| 405 |J-030| 22.50 | 
1.300) 2.140 |-300) -650 .420!14.070 25 | 
2.300) .900 |.4dc0| «700 | .200| .450 | > 
1.500] 2.460) .960 |,S00| .210| 480) /.230/38.00) | 
1.604 2.620 | |.020} 1.600) .220) | 1.310 |45.00) 
1.1001 2.780) 1.080! -89g| .230| . 540) }.390|54-00) | 
1800] 2.940) |. 140) |.800 -240) 1-470 | 63.00) 
1.900] 3.100. |.200| 1.900] -950| .250) .600)| }.550!75.00 | 
| 2.000 3-260! 1.260 2.09% ).000 .260) 630! 20-00! 


Fig. 11—Flash-Butt Welding of Solid Round, Hex, Sq 


Square and Rectangular Bars of Low and Mediu 
Strength Steels 
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exhaust side, a high momentary value of platen force 
exists. In some constructions this factor the 
platen to accelerate very rapidly and cause upset veloci- 
ties greater than those produced by the oil flow into the 
upset cylinder. The actual average platen force will be 
extremely low under these conditions even though the 
upset velocity will be at its maximum average value. 

If the work pieces to be welded require relatively little 
upset force because their 
maximum platen force 


causes 


area 1s small compared to the 
that can be developed by the 
welder, there is an added small resistive force to be con- 
sidered. It is the force existing between the two work 
pieces while forging. The platen force will be higher than 
in the case of free upset, but its value will again be 
chiefly influenced by rate of flow of oil into the upset 
cylinder which determines how much force 
accelerate the platen. If the work pieces are increased in 
size and are flashed in such a manner that the maximum 
platen force exists producing a certain upset velocity, the 
situation is still affected by the rate of oil flow into the 
upset cylinder. The force to forge depends not only on 
the resistive due to the plasticity of the work 
pieces, but also on the time the force is applied or on the 
upset velocity. If the rate of flow of oil is slightly re- 
stricted, the pl iten force will be diminished because the 
time of application is increased 

If the work pieces ire further 
flashed such that the resistive force due to plasticity is 
slightly less than the maximum upset force that the 
welder can develop, the platen force will reach its maxi- 
mum and will produce a certain upset velocity. 
However, if the flow of oil is restricted slightly, reducing 
the upset velocity, the platen force will not change 

The factors of platen force and upset velocity have 
been discussed at some length in order to point out the 


is used to 


force 


increased 1m s1ze and 


value 


fallacy of believing that platen force (rated under static 
conditions) is the principal factor in upsetting. The 
ability of a hydraulic system to supply the platen force 


(again rated under static conditions) does not mean ade- 
quate upset velocity will necessarily be produced. 
Hence, poor welds can be made even with plenty of 
static platen force because the dynamic characteristic of 
application of the force is not satisfactory. The simplest 
system to generally insure proper application of the 
platen force is to use an air or spring-loaded accumulator 
which acts as an infinite capacity pump 

Upset velocity should not be decreased during upset- 


~ 


ting by purposely restricting oil flow. For any given 
size of welder it is advisable to adjust the controls so that 
the maximum platen force can exist. The work pieces 


being welded will automatically determime how much of 
the platen force is used for forging. <A_ positive 
checks the platen motion at the end of the upset di- 
mension. 


stop 


Upset Velocity 


rhere is some controversy over the necessity for reduc 
ing the upset velocity in specific instances, but in an 
work performed in the laboratory in The Taylor-Winfield 
Corporation over a period of years, no case has been ever 
noted where it the inherent 
welder upset velocity to obtain optimum weld quality. 
However, on several occasions it has been found that 
insufficient upset velocity has caused poor welds. ‘The 
necessity for sufficient upset velocity is not based on the 
rate of forging of the plastic metal, but rather on reduc- 
ing to a minimum the time the high-temperature suriaces 
to be joined can oxidize between the end of flashing and 
the beginning of upset while the 
closed. 

The inherent upset velocity that can be developed by 


was necessary to decrease 


flashing gap is being 


22-s 
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Fig. 12-—Variation of Upset Velocity with Upset Dist 


Measured During Upset lash-Butt Welding 1-In. Diaz 
Cr Steel and S.A.E. 4130 Steel 


i flash-butt welder will depend on the physi 
welder and the n | 


welder: Cap ible 


of the platen force. 
] 


ot developing 


30,000 Ib. maximun 


force will attain greater velocity during upset th 
on welders capable of developing 200,000 Ib. plate 
because of inherent constructional difficulties Phi 


herent free upset velocity figures will vary from 5 


per minute on small welders to 200 in. a minute on large 


welders provided proper hydraulic systems with a 


t 
lators are used and within 
should result. 


this range high-quality 


Measurement of Upset Variables 


Measurements of the variation of upset velocity 
upset shown in Fig. 12. This chart 
plotted from a similar oscillogram to that imdicat 
Fig.6. In order to measure the upset velocity, a con 


distance 1s 


tator type of slide wire was used The pace differ 
was mechanically fixed at a certain distance bet 
bars. Phe passage Over one Ol these space differs 
was indicated by a change in voltage applied t 
oscillograph element By measuring the time nece 


to travel the distance covered in the 
sible to calculate the 
ment of the total upset distance. 

Measurement of the variation of oil pressure 
upset cylinder with time ts 


is pos average velocity for this 


hown in Fig. 13. ‘The 
isured with a rapid 
tor mechanism. Figure 15 
force during the upset 
Che momentary increase in platen force to accelerat 
platen falls as soon as movement of the platen or u 
piston of the hydraulu 
value slightly greater than the ability of the syste 
supply oil. When a resistive force is present agai! 
when the oil flow catches up with the upset piston, tl 
pressure builds up again. Once more the inertt 
platen moves the upset more 


normal oil flow. After this drop in oil pressure, thi 


tion of oil pressure was mm 


the variation of p 


steam engine 


increases the volume systen 


rapidly thar 


Sistive force ol the work pieces 


forward with practically 


causes the pl iten to! 
constant platen force ap] 

Phe corresponding variation of upset velocity 1s show 
Fig. 12. From the variations, the vari 

in velocity should show a period of increase in velocit 
period of constant or possibly 
period of increasing velocity, a period of constant o1 


lorce curve 


decreasing velocity 
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‘ » | nt t eat 
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‘ 
Che most important electrical quantity i1 1s el 
ol fli W i d \ ilue OT the ul by ; ‘ 
ing ter ques w he weld 1] tes Ol ar} ch on 41 t¢ 
be employed in which the time of upsetting current on the phvsical p erties 
vy 1s reduced to zero or the current flow stopped several 
les before upsetting starts. Such a technique will 
use a decrease in weld quality primarily caused by the Application of Flash-Butt Welding 
sed degree of oxidation of the flashing surfaces and 
lessening degree of plasticity to prevent adequat: Phe large field of shapes and siz rts1 of mild 
ting steel and fabri ed by at é cess 
the level of energy input rises appreciably in the up noints out the possible annlicat f low 
tting action without purposely changing the setting of illov steels 
trolin any part of the electrical circuit. The high im In general. four factors . - pli 
lance of the metal bridges formed during flashing has tion for flash-hutt weldis , wo nei. 
nred to the low impedance ol solid contact over} the of thy factor es id 
veld area and the current consequently rises As the steel. but increased ioint str \ 
evel of energy input rises, the heating of the work pieces  cteels implies that « reful considerat t he ) 
¥ upsetting increases sharply. This increased heat the factor 
may be a necessitv in cases where the thermal con 
ivitv of the work pieces is low. he natural chane« Phe cna oe et Urs I ructure 
in t weld zone d ot ing 
evel of energy input between flashing and upsetting car 
ublesome in some special cases, such as the welding 
ve stems made of austenitic steel. Here, unl the 2 lhe restoring of desire ra istics by 
t f current flow is cut off within a few cycles after proper heat treatment after we 
t starts, welds will become burned. When the change 3 Che two work pieces must 1 e Si r geometric 
ergy inputat upsetting becomes too critical for pro shapes and practically equal ar t th tion to be 
‘ uction purposes, the energy input at upset is artificially welded and in the portion exposed between the welder 
educed by a number of standard devices which limit the electrodes or dies his is nece ry to provide proper 


a value of the upsetting current. heat balances 
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4. The parts should have such shapes and contours high quality of work even though their previous . 
that the application of the upset force is such that the ence was limited to less than a knowledge of th 
action is in a straight line between the work pieces paral- nique as applied to low-carbon steel 
lel to line of ipplication of the platen force by the welder. 


This requirement prevents skidding or telescoping of the 
sections to be welded during the upsetting period. 
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A brief survey iS presented of German practice in 
built-up welding. The chemical composition, maximum 
hardness and properties relating to wear of the hard 
metals are tabulated. These hard-facing alloys are di 


WELDING OF CHROMIUM STEEL. WMetalov, vol. 2, 
260 (Translated in Sheet Metal Industries 
1944, Tune, p. 1070.) 


vided into 5 groups: (1) the chroanium-manganese-iron 
alloy ul for rock drills; (2) the chromitum-tung ' OF 
illoys suitabk ir roe lis; FOMMUUM-tuny Chromium steels cont uning 16 to 1S°, ot chrom 
sten-cobalt alloys constituting the Stellite group; and Rat nee 1 in Russia instead of the n we 

(o) the cobait-tungsten-cobait-iron au rece! stainless steels containing chromium and 8°% ni 


veloped in an effort to substitute tungsten and cobalt, Welds made in the former steel show a low cor 
iS I ( I if er s OV or! 

which are in short supply, by more readily available 

metals. Continued on page 44 
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Fig. 1—Variation of structure of a Flash Weld in Low-Carbon Steel. 


ters. B, Edge of Heat of Heat-Affected Zone. 


C, Weld 


nickel, 0.50-0.60% molybdenum steel are shown in Fig. 
3. This steel had been hardened and tempered to 260 


Vickers before welding. The photomacrograph, Fig. 
3 (A), shows the main characteristics of the weld. Note 
the thin white area down the middle of the weld. This 


is the so-called ‘‘decarburized zone,’’ which probably 
also contains some remnants of cast metal which have 
not been ejected by the upsetting action. Photomucro- 
graph, Fig. 3 (C), at 200 diameters, illustrates the struc- 
ture at the middle of the weld. Here we have full mar- 
tensite, since the carbon is high enough to produce 


it Moreover, the structure is coarse because of the 
high heat to which the weld attained. Again pro 
gressing outward from the weld line, martensite is 


found, becoming more finely divided as the distance 
from the weld increases, due to the fact that the tem- 
perature peaks reached were lower than at the weld line. 
Near the edge of the heat-affected zone is located the 
area, Fig. 3 (8B), which was heated in the temperature 
zone between the two critical‘points. Here the tem- 
pered martensite present in the original parent metal 
has only partially transformed, resulting in a mixture, 
which, after cooling once more, resolves itself into ferrite 
and very fine-grained martensite. Figure 3 (D), at 200 
diameters, shows the parent metal, which had originally 
been hardened and tempered. The structure shown is 
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A, 2 diameters; B, Cand D, 200 diame- 
Line; D, Parent Metal (Reduced 20% in reproduction 


tempered martensite, which is typical of this heat tr 
ment. 

Variations in the hardness values across a weld it 
chromium-nickel-molybdet illustrate 
Fig. 4. From the original hardness of the parent 

ibout 260 Vickers), the hardness begins to ris« 
at the edge of the heat-affected zone until a value 
500 Vickers (48 Rockwell C) is reached near the 
line. The dip in hardness at the weld line is thou 
be due to the decarburization of the weld lin 

to either side of the weld line have bes n he 
a high enough temperature to cause full hardeni 
cooling. Farther away from the weld (still in th 
affected zone) te mperature ;have not beet 
cause full hardness on cooling. The areas 
edge of the heat which have 
to a temperature between the upper and lower 
points are still softer becauss of incomplete transfort 

Che lowest hardness in the specimen is to b 
near the outside of the heat-affected zone, whe 
temperature rose to a point just below the lower c1 
pomt. This temperature was slightly higher th 
tempering temperature (1200° F.) of the original | 
metal; hence a slight softening occurred. H 
original tempering temperature been lower, the 
hardness would have beer more noticeable. 
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In order to expl ire the pr tf alloy teel flash 
é wel ifter heat treatment t riou trey th le ] 
htee1 weld were re he ] 
lybdenu eel ted b | terial wv i! 
Lhe ) thi pl t tre to 
60 Br nell I ere nade 
trom the stock r flash-wel or 4 { 
ir} Ni to were cu rse] ‘ 
either t the weld wi! ile the 
to 18 vere it her ‘ 
Vickers hardn surve 
Che flash a 1 et were 1 ple 
| heat treated as follow 
| | ) 650° F.—1 hr. at heat—ai1 
| 
| 
} Phe specime were then tempere: rious tem- 
\ / | 
80 | | | 4 N na 400) | 
| | 
| 
Dong : | | 
50 | 
| {4 } This gave is two le sile bar en eci 
| 
| 
40 } en for each tempering temperat 
| | The twel ‘ ‘ re 
turned into standar 505 th thre ed 
25 1.00 75 25 re] 2s 50 73 A235 ‘ wit! the wy ‘ 1 ured 
© sectiol le esult im be | 17 ble 
_- Fig Photo Macrograph at 2 Diameters and Vickers Hardnes It was h d that the t le st the bars 
at Fig. 2—Photo Macrograph at 2 Diameters and Vickers Hardness - 
Plot Ac: a Fla Weld in Low Carbon, Cold-Rolled Stee would decrease uniformly as the 1 ring tet rature 
Specimen Etched in 4% Nital. Hardness Valves Plotted Across was raised. thus allowing us to ] te 1 r t] lue 
it which fractur t t the weld 
and started breaking at random el the weld 
: : zone or outside it. However, dt the high n b 
liame- Heat Treatment After Welding—Bar Stock 
aenum content, the steel resist nNe;nril 1 
Che hardness survey across a flash weld in low-carbo1 tively high temperature v reache tht it 1 een 
Id-rolled steel shows little change in hardness from that all bars except Nos nd i2 (t ere t 1) 
C to poimt Therefore, no heat treatment to make I ire at a high strength level Moreover ll these bars 
the hardness uniform is necessary, particularly since such exhibit this random break It ve that a level of 
heat treatment would lower the hardns of the cold tensile strength somewhere between about 175,000 and 
worked steel. 130,000 psi. would represent the limit of uniform break 
When a hardenable steel is flash welded, however, age outside the weld. However, there is no re n to be 
im t considerable hardness differentials exist act ; the weld, lieve that freedom from bri 11 in the weld zone will 


clearly seen by reference to Fig. 4 In this case, 1f ensue at strengths under 130,0 


uniormity of hardness is desired, heat treatment after None of the bars, irrespect f type of break, fell 


welding 1s necessary. below the strength expected by virtue of the Rockwell ¢ 
Table 1—Tensile Test Results 
Load at Lengt 1a 
Draw Rockwell 0.050 I: Yield Ultimate rensile After Af 
Bar remp., a, a Diam., Extension, Strength, Load, Strengt lest, 
’ No ok Hardness In LI Psi Lb Psi ] I Area 
700 44 0.501 0 12 214,000 
ROO 43 0.502 ) 18 2 
i ) 42 0.501 1s ) } 2 
5 90 41 0.501 
900 41 0.498 ) : 198 2 
4] 0. 502 189 2 } 
1100 37 0.496 164 00 17 2.08 
1100 38 0.501 155 17¢ 2 35 
1200 26 0.503 24,10 121,00 26,100 131,0 2.41 3 


roke in weld 
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he Experiments with a Chromium-Nickel-Molybdenum Steel ¥ 


hardness value. This is worthy of note, since it has been peared in heat treatment, due to diffusic rf 
thought that after a certain strength level had been icross the weld line Any attempt, then, to at 
passed the bar would not only break in the weld, but ata breakage in the weld zone to a lower hard 
low strength value. It is found, however, that those bars one 1s purely fallacious 
which broke in the weld zone are much lower in ductility Figure 6 shows the macrostructure and hard: 
than those which broke outside the weld Che broken ey of Specimen |4. Note the marked chang‘ 
test bars are shown in the photograph, Fig. 5. Even in _ tion of flow lines at the weld, and the uniformit 
those cases where breakage occurred near the weld, the ess ross the entire piect 
fracture was not straight across the bar, but occurred 
partially in the parent metal 

Hardness Surveys he six short pieces, Nos. 13, 14, Microsections cut trom the remaining halves 
rs. 16, 17 ind id, were Sect! ned XJ illy, and one of the Nos. 13-1S reveal that, « xcept f ratew mi rt 
resulting halves of each was polished on the cut face for inclusions, all welds are sound. On this b 
Vickers hardness measurements. The 10-kg. load was _ failure in the weld zone cannot be attributable t 
used, and hardness values were obtained both in the ontinuities or inclusions in the weld 
parent metal and at the weld line. Averages of these It was thought, from the jagged appearance of th 


values are shown in Table 2 ductility fractures, that the char n flow lines, or 


in the upset portion of the weld, might account 


reduction in area in 


Table 2 i well-known fact that transverse test 


plate exhibit lower ductility than do 

N 15 16 17 18 

NO . bars trom the same plate, because of 
Tempering temp., ° F 800 900 1000 1100 1200 

Hardness: plate. The flow lines at the upset of a 

Parent metal 176 463 445 448 419 300 not fully transverse, yet approach this « 

Weld line 176 462 448 447 417 299 over, this chromium-nickel-molybdenut 


In all cases the hardnesses of the weld line and the parent zone were sectioned long 
m 
decarburized zone existing at the weld line has disap tudis 


Several of the tensile bars which br 
itudinally throt 
means that any polished and etched. Figure 


etal are practically identical. Thi 


linal sections at 7.5 diameters. Bo 


2 
4 


Fig. 3—Variation of Strueture Across Flash Weld in a Chromium-Nickel-Molybdenum Steel. 
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TANCE FROM WELD LINE. INCHES 
is shown in Figs. 8 and 9. Thi f a flas! 


Fig. 4—Photomacrograph at 2.5 Diameters and Vickers Hard- 
Plot Across a Flash Weld in 1-In. Diameter Cr-Ni-M« welded tube O.D., 3 in. 
Steel As-Welded. Specimen Etched with 4% Nital. Hardness in bending Che tracture occurred through the v lin 
Values Plotted Across the Center of Section In the unetched condition, one « ee the penetrators 


ness | 


which are flat, smooth ar ( in the ro etallic 
e fiber flow re clearly marked It 1 Le ting to the tracture Up elect 1 
t there 1 ») breakage along the weld line, but water soluti of 2' errous l t il 
racture con enced from both sides the bar r chlorids the contr t betwee ‘ et ( 
' the flow lines, until the remaini terial bi is heightened, and the t tructur the 
reduced in cross-sectional area that it ipped tallic surfaces brought 
t a distance of over 0.1 in. from the weld line \s stated before, in man‘ ses these flash-welded 
ther test bars examined in this fashion exhibited the alloy steel tubes are broken in bending, by supporting the 
hhenomenot Phere were no weld line breakages issembly at the two ends and applying a load at the weld 
fractures followed the fiber flow. line. At our plant we do not have a machine large enough 
he low ductility of these test bars, then, was due en to break these tubes in bending, and ust resort to 
irely to the fibrous condition of the original stock and individual tensile bars cut fr the wel It is ae 
to faulty welding. It is to be expected that steel mitted that this practice does not take { iccount the 


is more homogeneous would be less apt to show whole of the welded area, but if the weld is entirely cut 
ures of this sort. It must be kept ! ld 
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Large Diameter, Heavy Wall Tub: : 
Sat line, to a much greater degree than is found in bar stocl 
17 
| 
Table 3 
Tensile Test Results—Flash-Welded Tube 32/3. In. O.D.—2"7/;¢ In. I.D. Heat Treated to 180,000 Psi. Tensile Strength 


Fig. 5—Fractures of Flash-Welded and Heat-Treated Tensile Bars, Cr-Ni-Mo Steel. 


Moreover, since our plant does not manufacture welded 
products, the number of welded tubes we had to work 
with was limited. We have, however, obtained certain 
results from our tests and are giving them here for what 
they are worth. We shall first consider three sizes of 
tubes, welded in the ordinary manner. 


3? O.D—2"/\-In. ILD. Tuling—S.A.E. 4140 Steel 


Two welds were made in this size tubing. Both were 


heat treated after welding as follows: 


1700° F.—1 hr.—air cool 
1575° F.—1 hr.—oil quench 
Tempered at 925° F.—1 hr. 


The first tube was cut longitudinally into as many 
tensile test bars as possibl Test results are given in 
Table 3. Note that of the ten bars obtained, three broke 
in the weld, exhibiting lowered ductility, but little if any 
loss in strength. The remainder broke outside the weld. 
Specimens which fractured in the weld showed “penetra 
tors’’ at the weld line. 

The second welded tube was cut into as many micro- 
sections as possible. Twenty sections were obtained. 
After polishing, all sections were examined at the weld 
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line for nonmetallics. Four of the samples contain 
number of inclusions, some fairly largs Seven ot 
had few inclusions, and these were small Ten ret 
ing samples were clean. 

[wo types of inclusions were found. In Fig 
shown what we refer to as the massive type of 
which usually appears in nests. These are appar 
somewhat refractory, as widenec by the fact that 
upset force has not distorted them a great deal 
other type appears as stringers, probably more 
than the massive type, as they are squeezed 
gated by the upset force. One of these is show 
Fig. 1] 


4'/s-In. O.D.—3-In. Tubing—S.A.E. 4140 


Only one tube of this size and welded with the 1 


mended schedule was available for test his tub 
first normalized (1700° F.—1'/» hr.—air cool 

cut longitudinally into 14 bars, 4'/. in. long a 
proximately °/;. in. square. The longitudinal sid 


these bars were polished for metallographic exami 
After this study, the pieces were rough machine 
test bars and heat treated to 180,000 psi. tensile str 


as follows: 


See Table | for Test Results 
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Specimen Normalized, Water Quenched and Tempered at ongitudinal 
800° F. Specimen Etched in 4% Nital. Hardness Readings and Heat-Treated 7 


Fig. 6—Photomacrograph at 2 Diameters and Vickers Hardness mg 


Across a Flash Weld in 1’’ Diameter Cr-Ni-Mo Steel. a 


Taken Across Center of Section 
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; Figs. 8 (Above) and 9 (Below)—-Fracture of Flash-Welded Tube, 4 In. O.D., '/e-In. Wall Pene- yiel rt 
trators’’ in Weld Are Shown More Clearly When Specimen Is Etched ferent than tft 


2 Table 5 
Tensile Test Resul Flash-Welded Tube 4!/, In. O.D I I.D Normali l I H Air Cov G I f for 
1.5 In 
Pensil Length “7, Elonga After Red 
Bar Diam, Ultimate Strength, After tion Breaking, tion it 
; No Ir Load, Lb Psi Test, In 2 In Area Remar} 
] 0.374 11,650 106,000 1.5] 0.7 37 Broke i 
One inclusi irea 
2 0.377 15,640 140,000 1.64 9.4 ). 322 27 Broke partially in wel 
Pwo incl 
2 0.376 15.5 140.00 1. 10.7 0.31 Br mainly outs! 
One incl 1 irea 
4 0.375 L5 140,000 1.60 6.5 ) : lf Broke in wel 
i Large inclusion area 
5 0.377 12,88 115,400 1.52 1.3 0.37 aa Broke in weld 
One inclusion § ar 
well ed 
3 6 0.374 14,561 132,606 1. 54 2.4 0.367 Broke i ld 
Large i tusion area 
7 0.375 15, 20 141,000 1.f 5B. 0.359 18.2 Broke parti 
0.373 10.850 OQ ] 1 Broke ji 
Une incl irea 
15.28 140.000 1.64 1] 1a 20.8 Brok t 
2 small in i 
10 0.376 15.56 10,000 1.60 5 351 12.9 k part wel 
(one in hi ea 
; 11 0.376 15,44 ¢ 139,000 1.60 6.5 0.349 13.0 Bro in weld 
inclusi rea 
: 12 0.374 12,300 112,000 1.52 La 0.372 1.1 Broke in weld 
Large inclusion area 
14 0.374 101,800 1.52 1.3 0.372 L.1 Broke in wel 
One incl 1 area 
vell irkee 
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in the heat-treated state. Unfortunately. the weld bars, 4 in. long and appr re rhe 
was not made with the optimum schedul longitudinal faces were polish I 
tube was normalized as follow In general, this weld cont er 
ly 
li¢ Lh 
hi ur coo 
t he sectioned longitudin 1] init ( test tw yal ‘ re 
Fig. 12——Lar M ve | 
Fig. 10 —Massive Inclusion n We 


¥ 
@ 
L - 


No I 
Fig. 11——Stringer Inclusions Fig. 13—Massive C} 
N te St 
Table 6—Tensile Test Results 
bars Nos. 1, 2 and 3—Normalized at 1700° F.. Oil Quenched from 1f F., Tempered at 925° F. Bars N 4 
I 
Vield Di 
Original Load at Strengt l Length I Af I 
Diam., Viek at I Ultimat - th \ 5 ] 
In Lb tens! Psi I ] i 
0 AOS Ww) 148 Ww) ) ) 
0 298 S00 144.900 is 2 14 ? 
0.504 19.500 97,8 2 
0) LS. 800 Q Or ] j 
bO4 LS. 800 Q4 ) > 
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Table 7 
i VW pa 1OS] 
Weld No. 1 itn t~ 2 | 2 hi | 
} ] I air cool 
I igth Elo Dia Re Roch ell 
Bar Dia tt tl After 1 tiol 
> itl | il \ 
No In oad, | P rest, I l | lest, In Area Hardne Break 
1-2 0.349 i4] | ) 290 Outside wel 
1-5 U 51 141,50 ] ) +) 0.2 In eld pen 
1-8 0.349 Ld, 141 14.9 28 Outside wel 
1-10 0.350 13,600 141,500 246 0 Outside wel 


others, eight showed a number of large inclusions and 
stringers, while the remainder contained a few small 
ones. Upon etching, it was noticed that the areas around 
the inclusions were decarburized in some cases and not 
in the others. Phe greatest loss of carbon occurred in the 
vicinity of the stringer type inclusions. In the normalized 


Fig. 14—Two Stringer Inclusions, Probably Caused by Extru- 
sion of Metal Between Two Craters on Upset 


; 
< ‘ 


4 


t /o INIT il 

Fig. 15—Stringers Seen in Fig. 14. Both Stringers Have De- 
carburized Envelopes Surrounding Them 


state the pei irlite and ferrite of S.A.E $140 st 
closely intermingled and appear in the form of 
When is a 


pparent, both the 
ind ferrite exist in clumpy, large masses, as seer 
ireas aiecent to the pure ferrite. The two string 
shown in Fig. 14 were probably the bottoms of tw 
ters in flashing These craters were 
ich other and the upset extruded metal betwee 
In the etched state (Fig. 15) it is seen that compl 


%t carbon has occurred around the Stringers, as evi 
yy the white grains of pure iron or ferrit 

Che appearance of decarburized areas around 
the inclusions corroborates the assumption th 
dation during flashing is the cause of inclusion fort 
The decarburization also is caused by the ovridati 
the carbon in the metal surrounding the inclusio1 

Slight decarburization exists in some places alo 
weld line of these samples even where no inclusi 


present. These areas are probably remnants of the 
nal decarburized areas in the weld; the lost carb 

not completely diffused during normalizing. At 
factor which may account partially for the slight g« 


structural change at the weld i s the larger section 
weld due to flash and upset metal. In cooling, this | 
section at the weld did not cool as rapidly as the 
tube section; this slower cooling is accompanied 
slight structural change. 

After metallographic examination, the bars were 
chined into 0.375-in. diameter, .1.5-in. gage lengt 
sile bars, and pulled in the normalized condit 
lable 5 shows the results of these tests. Bar No. 15 wa 
not pulled, but cut longitudinally for Vickers har 
readings, in order to study the change in hardness 
the weld. This hardness survey will be discussed furt! 
on. 

In studying the tensile tests from this weld (Table 
the following observations can be made: 


|. All bars broke at least partially in the weld 
most bars fully in the weld. 

2. All bars contained inclusions. 

3. The strengths varied from as low as 99, 
141,000 psi 

i. The lower the strength, the lower the ductil: 

5. Bars showing highest ductility fall short of w 
expected for these values. 

6. Some of the bars with high strength show incl 
areas as large as those in bars of low stre! 


In connection with statement 6, Fig. 16 show 
fractures of six of the tensile bars, three of high str 
high ductility, and three of low strength, low du 
Note that the inclusions, in general, appear as la 
the high — bars as in the low-strength bars 

It may be that the ratio of nonmetallic to m« 
surface in the inclusion areas shown is greater in th 
of the low-strength bars. This might account at | 


partially for the differences in strength. 
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: Fig. 16—Fractures of 6 Test Bars from Flash-Welded, Heat-Treated Tube, 4 
Strength Bars at Right, High-Strength Bars at Left 
lo The thirteen broken test bars were sectioned on eith 
7 the fracture and the two halves fitted t 
he They were then filed axially until a section through 
was obtained 
1; It was thought that the low-strength bars might 
irburized at the fracture to a greater extent 1 
, trength bars, and that this decarburization migh 
is int for the loss of strength. Such a correlatio1 
; ot found, however The greatest decarburization 
isted in bars Nos. 6, 7 and 12, only one of which (Ni 
was exceptionally low in strength. Less decarburizati 
ere was found in bars Nos. 1, 3, 9, 11; of thes No 
oth t had low strength. The remainder of the bars cont 
me little or no decarburization. Several of the specime! 
: wo were reground and repolished several times to throw m 
ar light on this question, but no further results were four 
. However, martensitic areas were 
f. und at or close to the fractures a 
n five out of six of the low 
Table strength samples Nos, 1, d, 3, 12, ag ah 
Only No. 6, the highest of 
the low-strength bars, contained 
el irtensite Of the high 
trength bars, only No. 7 con 
ed a small martensitic area, ag 
4 this area was not right at the 
racture, but slightly removed 
tals Irom it 
fw Vickers hardness readings were 
taken across some of the marten 
Tie slic area Figure 17, at 50 diame- 
el ter ws some of these areas 
he Vickers hardness readings 
ed Re dings t iken in the 
tr 
pearing spots are definitely 
tu r than those taken in the 
la il areas. The dark, wavy 
rs (in the photomicrograph is the 
i. tensile test fracture Figure 1S 
several martensite areas, N toh 
ugh some of which the test Fiq. 17—Vicke 


ANI 


iracture passes. These marten- 
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Fig. 19--Cracking Through Martensitic Area Parallel 


4 
a 


3reak, Shown at Left 


Fig. 18—-Tensile Fracture Through Martensitic Areas at Weld 


ably the number and size of inclusions in this bar was 
great enough to cause a lowering of strength. Also bar 
No. 6 has the highest strength of the low-strength bars. 

As mentioned before, test bar No. 15 was not pulled, 
but sectioned longitudinally and a Vickers hardness ex- 
ploration was made onit. Figure 21 is a plot of the hard- 
ness readings across the weld. The one value shown on 
the weld line is an average of eight hardness readings. 
Note that in spite of normalizing, hardness values are 


not uniform across the weld. Moreover, even the high- = Pug 
est strength bars (about 140,000 psi. tensile strength) . > 


do not come up to the strength expected from the normal tee 
hardness shown in Fig. 21, which is about 317 Vickers, , 
or about 150,000 psi. tensile strength. f 


Apparently the test bars from this weld were nonuni ' 
form in strength because of several factors, inclusions, "lie ~ 


structural inhomogeneities (both martensite and de 


carburization), and nonuniformity in hardness across the 
weld. These phenomena, except the inclusions, disap = 


pear after quenching and tempering, at least as far as 
metallographic examination is concerned. However, if 


nonuniformity exists in the normalized state, it probably h 
xists in the quenched and tempered state, even if to ; Fig. 20—Massive Inclusions Near Tensile Fracture in | 
exists q po ate, Which Broke at Low Strength 
less degree. This may account in part for the low 


strength of some of the bars in the first weld of this size, 
which was made with the recommended schedule and 
tested in the hardened and tempered condition. 340} 546 


As far as the smaller tube was concerned (3*/,9 in. < 
O.D., 27/15 in. I.D.), possibly the lesser amount of heat % leat 
necessary did not allow the structural inhomogeneities 
to occur to such an extent during welding; hence, 
strengths were higher and more uniform. 

Since factors other than inclusions appear to have some it 
bearing on loss in strength, and since these factors are Dae 
readily discernible in the normalized state, it seems evi 0 BF 
dent that the normalizing treatment given may not be WNT heal 
all that is desired. Resorting to a higher temperature Y } 
normalizing, or homogenizing treatment (2000° F. or U | 
above) may be necessary to obliterate the nonuniformity 1 nal : 
in hardness and metallographic structure. 23 ? 

JISTANECE FROM /WOHES 

6-In. O.D., 4-In. I.D. Tubinge—S.A.E, 4140 

One weld only was made in this size tubing. Fig. 21--Vickers Hardness Exploration Sample Cut from F 

Welded Tube. 4 In. O.D. Wall. S.A.E 

After flash welding, the tube was normalized at 1700° Steel Tube Heat Treated After Welding: 1700° F——1'/.H 
F. for 2 hr. The flash and upset were removed by Air Cool , 
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polished on the saw cut faces and examined for in- ete te 


~ 
$ 
N 
Fig. 22—Inclusions in Weld Line of 6-In. O.D., 5-In. I.D. Flas 
We d Tube. These Inclusions Were Located on the Outside 
of the Tube by Magnaflux Inspection 
hining and the inside and outside diameters ground. 
e tube was then magnaflux tested in both directions 
m vet method was used, with about 2000 amp. current 
ree smallindications, close together, were found on thi 
le of the tube, in the weld line; no indications ap- 
on the inside diameter. 
ull microsection was cut from the tube in the Sy) 
in which the magnaflux indications were found. The Fg 
le diameter was the polished face, and only enough , 
terial was removed to make the specimen flat. The git v, 3 
magnaflux indications were found readily All three 
howt tig. 22, at 75 &. These inclusion 
l are shown 1n Fig. 22, it io X. lese 1nciusi Ss 
urrounded by a decarburized envelope Chere 7% P 
ilso nests of massive inclusions, but no decarburi Z 
[he remainder of the tube was cut into twelve longi- “, 
idinal sections, and numbered 1 to 12. Bars Nos. 1-6 . ei bes f 
4 und structural variations at the weld nust 7 > 
borne in mind that the bars were in the normalized owes . z+ 
Figure 23 (75 X) illustrates the structural changes 
ing at the weld after normalizing. Apparently 
340 e decarburized zone which was present at the weld 
iad not been homogenized by the n 
Catment. onsequently, massive ferrite and pearlite 407 Ftc} f 
. nave or a lower carbon content, were found at the Fig. 24—Structure at Weld Line of Normalized Weld in 6-In. 
line, instead of the normal acicular pearlite. It is O.D., 5-In. LD. Tube. Note Heterogeneity of Structurs 
Table 8 
, { Made in atmosphere of cit 
Weld No. 2—Treatment 
| hr.—air cool 
re ile I gin Mion 
Width, Thickness, Ultimate Strength, After gation in ( 
In In Load, LI Psi lest, In t/s I Hart 
) 17 ) la} 13.640 132.8 1.55 
iS 0.285 13,560 136,80 1.68 2 28 
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Figure 24 at 6 X shows clearly the presence otf ferrite 
and pearlite in the weld line and in bands in the parent 
metal of test bar No. 5. 

Of the six bars, Nos. 1, 2, 3 and 4 contained inclusions 
larger, in general, than those found in the smaller tubes 
\ll bars showed massive ferrite and pearlite at the weld 
line, indicating decarburization. No martensite was 
found except in small areas in bar No 

The remaining six bars, Nos. 7-12, were sent out lor a 
high-temperature treatment at 2100° F. for 2 hr., fol 
lowed by an air cool. The purpose of this treatment was 
to homogenize the weld line, 1.e., allow carbon to migrat« 
into it from the parent metal, and hence obliterate the 


decarburized zone. Unfortunately, the bars were oil 
quenched instead of being a1 cooled, and all cracked lon 
] 


eitudinally Cherefore, they could not be made into 


& Wy 
z > 
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Fig. 25—Structure at Weld Line of Homogenized and Normal- 
ized Weld in 6-In. O.D., 5-In. LD. Tube. Note Homogeneity of 


Structure 
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Fig. 26—Structure at Weld Line of Homogenized and Normal- 
ized Weld in 6-In. O.D., 5-In. LD. Tube. Note Homogeneity_of 
Structure 
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Fig. 27—Photomacrograph at 2 X of Flash Weld in S.A.E 
Steel Tube, 4'/.-In. O.D. by In. Wall, and Vickers Ha 
Survey Across the Weld. Weld Made in Normal Manner 
Atmosphere 
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ISTANCE FROM WELD, INCHES 
4X, Nital Et th 


Fig. 28—Photomacrograph at 2 X of Flash Weld in S.A.E. 4\4( 

Steel Tube, 4!/-In. O.D. by */:5.In. Wall, and Vickers Hardness 

Survey Across the Weld. Weld Made in Atmosphere of City 
Gas 
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, the weld line of large flash-weld vith lowered 
Fam ductility and sometimes lowered st ( be tr 
- } it least in part, to the follow: é 

| Penetrators,’ or nonmetallics, at the weld line 
Structural inhomogeneitt t al near the weld, 
' } such as decarburization, martensitic areas and 

excess fiber segregat 

Since penetrator re col ré mainly, 1 t 
wholly, oxides, the thought en from the 

veld during flashit rises. J ery rt 
LD, ly with tubes, as it is nec itr e the 

mICh gas through a hole in the ba ( e sta 
Fig. 29—Photomacrograph at 2 X of Flash Weld in 140 nlaten. thence through on ees tr he weld 
Steel Tube, 4'/,-In. O.D. by Wall, and Vi ess ry ths the 
Survey Across the Weld. Weld Made in of lroug! 
Hydrogen surfaces, thus excluding air from these surtacs 

order tori the weld dec I rte! 

ré fiber segregations, we it ti hig 

bars. They were, however, normalized at 1700 temperature homogenizing treatment, which was c 

F. for 2 hr. after the homogenizing treatment and thet sidered in the preceding secti 

li hed and etched for metallographic examiut it110n For the purpose of studvinge these | tor t atmos 
That the homogenizing treatment succeeded in its’ phere « trol and of high-temperature treatment, th 
irpose is clearly seen in Fig. 25, at 6 X, of bar No. 11. llowing three welds were 1 ube .in. O.D.. 


No massive ferrite and pearlite are preseht at the weld 3'/, in, ILD. S.A.E. 4140 ste: 
ind marked banding is absent. Contrast this with 

Fig. 24, of the single normalized bar. Figure 26, at 

75 X, shows the microstructure of the homogenized and 
lized bar No.7 at the welds note the uniformity of 


structure as compared with Fig. 23, of a single normalized of wet d 


Studied in the unetched state, the homogenized sam 
ples contained weld line inclusions, as would be expected 
Bar No. 7 contained several large massive inclusions 
bars Nos. 8, 10 and 12 had nonmetallics 
e¢ Bars Nos. 9 and 11 were free from in¢ 


to a lesser 

egre lusior 

It is interesting to note that in this weld the massive 


inclusions are more predominant than the stringer type 


Ir iller size tubing, stringers are much more in evi Ey RE 
cen It is supposed that deeper craters during flashing 
less effective upset pressure Over the entire weld 
ire present here than in small tubes, and hence mor i ee 


ah 


rs Nos. 1, 2 and 3 were treated as follows: E 


Lempered at 925° F. for hr. 
eter tensile test bars. Bars Nos. 4, 5 and 6 were not 
ted further, but were machined into 0.505-in. di 


ter bars. We then had three bars in the heat-treated Wo 30 Vic 
4140 te and three bars in the normalized state for tensile on nt . 
AAS- VV 
dr as N 14 ‘ 
ty ‘ensile test results can be found in Table 6. All bars , Weld made in city gas atmosphere 
Ke at full strength, both heat treated and normalized, 3 Weld made in hydrogen atmosphe 
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l--As-Welded Microstructure af Flash Weld in 4'/,-In 
In. L.D. Tube le Normal 

. 32—As-Welded Microstructure of Flash Weld in 4'/,-In. 
O.D., 3'/s-In. 1..D Tubs Weld Made in Atmosphere of 1100 

Btu. City Ga 

Fig. 33——-As-Welded Microstructure of Flash Weld in 4'/,-In 
O.D 3'/,-In. ILD. Tube Weld Made in Atmosphere of 
Hydrogen 
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Weld No. 1.—This weld was made in the norm 
ner, 1.e., without atmosphere control, and was 1 
the effect of high-temperature treatment. 

Weld. No. 2 [his weld was made in an atn 
f 1100 Btu. municipal gas. The gas was fed t 
at a pressure of only a few ounces per squar 
this was all the pressure that could be developed 


I 
‘ 
We a. 


This weld was made in an atmos; 
hydrogen, which was fed to the weld at a press 
Dsl. 


the case of both weld made il 1osph 
gas was introduced through the back-up plat 
stationary platen and so to the weld through 1 
The gas was allowed to flow to the space betws 


two tubes and was lit before starting the weld 
was shut off just after upset 


It is unfortunate that more [ k w rt 
for thi u results « be indicative 
ma happe1 ye fla weld inere W el 


to make one or two preliminary welds, however, 


the technique was reasonably good 
Weld No. 3, the hydrogen weld, was made afte 
two attempts had failed due to stalling. Apy 
the cooling effect of the hydrogen caused the 
stall during flashin An increase of power « 
employed in weldi the normal weld \v four 
sary in order to do a satisfactory job. No ch 


schedule was needed in the case of the city ¢ 
probably because the gas pressure was not high « 


to cause excess coolin 


As-Welded Specimens 


All welded pieces were cut transversely 3 in. either 
of the weld. 

From each of the three welds, was cut a sampl 
tudinally through the weld, about in. tl 
specimens were for the purpose of metallogr 
hardness studies 

Figure 27 
weld, and the Vickers hardness exploration acro 
weld. Note the ust decarburized weld line 
photomacrograph. reflected in the har 
plot by the sudden dip in hardness at the wel 


il 


in the as-welded state 


) 


That the maximum hardness of the heat-affected z: 
curs about 0.2 in. from the weld line is attributed 
greater section of material nearer the weld, dus 
upset material. This cooled more slowly after we 
than did the straight section of the tube, and het 
not attain to such a high degree of hardness. 

Figure 28 shows a photomacrograph of the weld n 
in city gas atmosphere, and its Vickers hardness « 
tion. The photomacrograph shows a complete | 
decarburization at the weld line. As a matter of 
several hard martensitic areas can be seen in the 
part of the weld line. The cause of these areas is an 
for conjecture. The hardness exploration curve vei 
the lack of decarburization at the weld line: there 1 


sharp dip as there is in the normal weld. The lower 


ness at the weld is caused by the greater section d 
upset, and hence the slower cool. Moreover, the 
line hardness, and as a matter of fact, that of the « 


piece, is at a higher level than that of the normal 

The flow of gas apparently hastened the cooling « 

weld, causing higher hardnesses. Also, one of the 
mating piece wa apparently cooled faster that 
other, as evidenced by the different hardness leve! 
either side of the weld. 


] 
in hydrogen atmosphere, and its Vickers hardne 
ploration. In the photomacrograph it 
there is decarburization at the weld line. 
is not borne out in the hardness plot, as there 
dip in hardness at the weld line, but merely a gra 
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34—Photomacrograph at 2 X of Flash Weld in S.A.E. 414 


O.D. by °/\s-In. Wall, and Vickers Hardness 


, Across the Weld. Weld Made in Normal Manner, and 


Homogenized at 2100° F. After Welding 
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The general hardness level of 

weld is below those of both the other welds 
n spite of the fact that the flow of gas was greater in the 
lrogen weld than in the city gas weld, and hence 
r cooling. It must be 
wever, as mentioned before, that it was necessary to 
r level for this weld because of the 
his increase in power level ap 


ate! 


4 In. O.D., 3'/s-In 
at 2100” F 


his is 


remembered 


parently served to store more he | sur 
rounding areas, so that the net effect v hat of slower 
cool I rie 
heat Note { im the \ 

i¢ i the 1 reac] 
than the other 

In Fig. 30 are found , 
single cl irt 
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Fig. 37—Unitorm Structure of Homogenized and Normalized 


FLASH WELDING LOW-ALLOY STEELS 


hardness levels f1 weld t 
mentioned be e, t t th 
showu I 
Figur 
St t the 
little ence eat 
n t clearly in | 
be remembere he | 
of the hree ( 
weld line, not hit 
probably cau ) e sl 
f 


n 
it 
l Fig. 36—Decarburized Envelope 1d in n Hon 
yenized and Normalized Tube 
4° | Etch 
wR 
| 
Fig, © | 
A 
T 
4%, J 
O! = 
ibe 
\ 
he 
TA 
145 
RY 


e1gnt ce ned 
penetrators, which 
; 
@ \/ itt \ \ thes 1S101 partic 
f-->-4 \ 
= died \ tring tv pe ire ul 
: ho renizati ind ni 
(2) hown in F1 6. | 
D360} AS Uri ne weld line 1 
} +t } } from the 
280} Of the rteen bat 
| mosphere, five contained 
hs, sions, mainly of the small: 
FROM WELO INCHES 
Fig. 38—Vickers Hardness Explorations, Flash Welds. S.A.E. 4140 Steel Tubes 
9 the weld made in hydro; 
17 nosphere, onl or 
4! i weld line 1 lusio i ti 
l b if sh ywwed i l 
it} it thi vel 
caused by incomplete hardening, rather than decarburt1 Vickers hardness plots were taken act one bat 
z zation. each weld. In general, hardnesses wert 
Homogenization.—Weld No. 1, the normal weld, was’ no dip at the weld, and varied between 300 
held at 2100° F. for 2 hr. and air cooled Chis hom V.H.N 
ogenizing treatment was an attempt to make more um It is interesting to compare the hard 
form the structural and chemical differences across the 
weld, with a view toward improving physical test r 
sults 
Figure 34 shows the photomacrograph of the hom« 
3 genized weld, and its hardness plot. The homogenizing 
$i treatment was successful in making the structure so um 
form that the weld line cannot be distinguished. Hard 
ness across the weld also is uniform and no effect of the 
prior decarburization is apparent 
7," Figure 35 at 100 X, shows the microstructure of the 
weld as homogenized No trace of the weld line can be 
found. 
Normalizing.—All three tubes were heated to 1700 
; F., held 1 hr. at heat, and air cooled. This was the first 
: treatment given to the two welds made in atmosphere 


while the normal weld had been homogenized first 
After normalizing, all three tubes were cut longitudi 
4 nally into bars about */;.1n. square. These were to bs 
: used for tensile test bars later, but first each bar was 
polished metallographically on one of the longitudinal 
faces, for the study of ‘‘penetrators’’ and microstructure. 


4% Nital Etch 


Microstructure of Normalized Welds Fig. 39—Longitudinal Section Through Tensile Bar from F 
Welded and Heat-Treated Tube. Fracture Is Outside We 
Of eleven bars cut from the normal weld (weld No and Partially Follows Fiber Segregations 
Table 9 
: Weld No. 3—Treatment { Made in atmosphere of hydrogen 
| 1700” F. 1 hr. air cool 
Length ©, Elon- Rockwell 
oy Bar Width, Thickness, * Ultimate Strength After gation in C 
‘ No. In In Load, Lb Psi Test, In 1!/, In Hardness Break 
3-3 0.306 0.297 12,520 137,700 1.66 10.7 28.5 0.01 in. from weld 
3-5 0.299 0.206 12,130 137,000 1.65 10.0 29.0 0.1 in. from weld—fiber break 
; 3-7 Q.302 0, 298 12,400 137,700 1.65 10.0 92 5 0.03 in. from weld—fiber break 
? 3-8 0.300 0.293 12,000 136,500 1.65 10.0 29.5 0.06 in. from weld 
¢ 3-11 0.303 0.296 12,310 137,200 1.63 B.7 29.5 0.07 in. from weld 
\f 
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genized and normalized welds as compared with one Fia. 40—Fractures of Tensile Bar from Weld M 
rely normalized. Figure 38 shows hardness plots Mneathine. ‘The Strength of This Bar W aby pha 
three welds, the 6-in. O.D., 1-1n. wall weld and the ‘Ay pear 
4i/. O.D., in. wall, both homogenized, and the 
in. O.D., */1-1n. wall as normalized A dip in hard- 
the weld is seen only in the last mentioned 
cal Testing of Normalized Bars \fter the nor- 
bars from the three welds had served their pur 
metallographic specimens, several from each 
ere machined into test bars and pulled in the 
ilized condition. Those from the normal weld 
Te No. 1) were machined round (about 0.350-11 
ter measured section) while those from the other 
two welds were made into flat bars. The remainder of 
; were held out for further heat treatment 
7, 8 and 9 show the tensile test results of the 
lized bars \ll bars are up to strength, but there 
rious types of break. Of the bars pulled from the 
il weld (weld No. |] , only one showed a penett 
the others broke well into the parent metal. Of 
from the city gas weld (weld No. 2) two showed 
penetrators,’’ while the other three bars broke i 
close to the weld also, but with clean fractures 
ir No. 2-7, which broke 0.1 in. from the weld, had a 
il parent metal break and high elongation. Baz 
had an elongation lower than one should expect 
1 parent metal break. This was due to the position 
the upset fibers, which caused the break partially to 
i transverse test from a steel plate would occur 
ul Figure 39, at 10 diameters, shows the tracture following 
et fibers, which are partially transverse. The low 
lity of this bar, then, cannot be traced to faulty 
ng, but to fiber. Cleaner steel, 1.e., steel with fewer 
ind steel with less tendency toward ‘‘banding 
obably help solve this problen 
The bars from the hydrogen weld (weld No. 3) had st 
sahiinaed weld line breakages, but all fractures were close to the " : 
veld, and two of the five definitely contained fractures ii 
g the upset fiber, while the fiber probably had an ee 
nfluence on the breakage of the other three. Itisinter- {— 
ting to note that the normal weld, which had been re 
aie lomogenized prior to normalizing, showed no fiber break; . 
reaks outside the weld occurred well into the parent “te 
netal. This tends to prove, on the basis of scanty evi 
ce, that homogenizing 1elps to eradicate the deleter 
s effects of upset fiber. °; 
Heat Treating 
The remaining bars from the three welds, which had A 
it been pulled in the normalized condition, were heat  t] 
‘ated as follows 
42° F.—1] hr.—oil quench Ne 
lempeted at SS80° F hr 
——— [hese bars were then machined into round test bars. a 
Lensile test results are shown in Tables 10, 11 and 12. 
1 F As in the normalized bars, both the city gas weld and 
» We he hydrogen weld showed fiber breaks in some bars 
hile the normal weld broke definitely in the weld or in 
the parent metal. Chis corroborates the theory that 
mogenizing tends to prevent breakage in the fiber. fla 
Four out of six of the bars from the normal weld broke 
the weld, showing penetrators. 
ihe bars from the city gas weld contained fewer pene fil 
rators than did the normal weld, but one particular a 
nple, bar No. 2-1, broke at a strength value below the 1 
rlevel. Asa matter of fact, this was the only sub 
— rength bar in the lot. Figure 40 at 4 & shows the fra hibit 
break ures of this bar. Note that there is a large penetrator in — the 
tlese fractures. This is probably one of those cases in and ; mpt 
Which th penetrator covers enough area and is concen- fashion. On the basis of a few 
trated enough in nonmetallics actually to lower the line were at least partially e1 ti y the u 
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3 Table 10 
N il 
n 7 
ul ‘ 
Lengtl di 
No In 1, LI In 
* 7 1 
: i~J OS 
f 1. 
ty 1 It 
Table 1] 
: 
Lil i I \ 
No 
2 19 : P ta 
P 
9 
2 2 
be 
Table 12 
{ Made in atmosphere of hydroge 
.)1700° F.—1 hr.—air cool 
We reatmet ) 1575 F. hr oil 1ench 
Tempered at 880° | 
4 Tensile Length & Elon Diam % Reduc- 
3 Bar Diaim., Ultimat Strength After gation in After tion in 
‘ No In Load, LI Psi Test, In 1'/, In Test, In Area Break 
‘ 3- 0.351 18,540 191,70 1.67 11.34 0.267 12.20 Parent metal 
3-2 0.349 18,64 195,01 1.67 11.34 0.262 43.60 Parent metal 
3-4 0.349 18,200 190,500 1.67 11.3 0.264 12. 80 Parent metal 
te 3-6 0.349 17,880 187,000 1.67 11.34 0.258 15.40 Parent metal 
E 3-9 0.349 17,960 188,000 1.59 6.00 0.327 12.16 Partially in weld 
penetrator 
a 3-10 0.348 17,900 188,400 1.68 12.00 0.263 42.90 Parent metal 
3-12 0.350 18,020 187,300 1.60 6.70 0.323 14.85 Fiber break 
a 3-14 0.349 17,880 187,000 1.62 8.00 0.315 18.40 Fiber break 
mosphere control, hydrogen being more effective than form, obliterated fiber segregations partially and 
¢ city gas. It may be that drying these gases before use to throw the tensile break away from the wel 
will result in a further improvement. High-temperature [It is hoped that these limited results will sti 
Ng homogenization helped to make the structure more unt more work of this nature. 
~ is less when the ng at 1100 prou 
; Reviews of Foreign Literature less when the annealing at 1100° C. is more | 
: (e.g., 4 hours); when the grains are very large 
: (Continued from page 24-s are after a long heat treatment) the 48-hr. att 
" nitric acid is not sufficient to work under the grain 
resistance. Tests showed that annealing at 700 to 800 separate it completely from the parent metal. T! 
C. reduces the corrosion to a negligible level, but heating corrosion resistance of the grain boundaries is pr 
* to 1000 to 1100° C. raises it again. ‘The corrosion takes due to a low concentration of chromium in the e) 
wf place along the grain boundaries, and the loss of weight layers of the grain; and annealing at 700 to § 
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roblems in Spot Welding of Heavy 
Mild Steel Plate 


‘ By Dr. F. R. Hensel,’ E. I. Larsen' and E. F. Holt 


Introduction he translormer primary was provided with 
for heat regulation 
HERE is considerable literature available rela The current timing device was a fully electro: 
tive to the spot welding of heavier gage steel which chronous spot, pulsation or seam welding timer 
has resulted from the increasing efforts of the phase shift hea 


control. The maximum spot tin 
metal fabricating industries to adopt the economy and __ tainable w 


1e control was 30 cycles. To obta 


reliability of the resistance welding process in jomimg _ tinuous timing periods up to 5 sec., the pulsatio: 

< of heavy steel structural members. of the control was employed, mterposing a « 

‘ Some articles deal principally with the more general off period between 30-cycle on periods. This 
aspects of heavy steel spot welds,’ * while others present tially duplicated a continuous current pulse, an 
the results of more detailed investigations.” * following text the continuous timing periods refer 

Still others relate to the use of more highly specialized were obtained by this method. For example, 
welding equipment and processes for spot welding of timing period was obtained from the pulsation 
heavy hardenable and nonhardening steels.* © Perhaps of 30 cycles on, | cycle off, 10 pulsations. 
the most complete summary of available literature on the . 

” subject is contained in the literature review compiled by 
3 the Literature Committee of the Engineering Founda Electrode Holders and Cooling Medium 
4 tion, Welding Research Council.’ 

The data presented in the present paper are considered Some preliminary experuments were carried o1 
an addition to existing literature and relate the results straight electrode holders mounted in the spot 
of tests conducted in the spot welding of .-1n. thick hot arm of the welder It was evident that wh 
rolled mild steel pressurt lecessary ti ytat uitable welds, 1 

; Scope of the Investigation 

Although many investigators have reported results ot 
tests conducted to determine the effect of welding condi f 
tions on the static mechanical properties of spot welds i1 
heavy gage steels, and several publications set forth 

F recommended welding conditions, there still exists 


broad gap in the correlation of welding conditions with 
some of the more basic weld qualities. The present i 

vestigation was carried out to determine certam weld 
characteristics with respect to welding conditions and 
electrode design. Conventional a.-c. resistance weldin 

equipment was employed in all tests 


Description of Welding Equipment 


The resistance spot welder used in the experimental 


: work was a 150-kva. press type welder, having a roller 
: bearing mounted, air lock type head providing low inertia 
i features. The welder was motor operated through a 
ts double stop clutch, the head movement being governed 
: through an eccentric cam and toggle linka: 


The timer initiating switch was actuated by a fan can 

connected directly to the eccentric cam shaft, through 

which means the synchronism of the current timing with 

the weld pressure period was maintained. In all test 
ry the double stop clutch was employed and a definit« 
squeeze and hold period maintained regardless of th 
current timing schedule. The pressure range of the ma 


chine was from 200 to 8000 lb., adjustable through a 
: regulated air pressure system. 
3 ® Presented at the Twenty-Fifth Annual Meeting, A.W ( veland, Ol} 
at Oct. 16 to 19, 1944 
“4 t P. R. Mallory & Co., Inc., Indianapolis, Ind 
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Fig. 2—Platen Type Holder, Adapt Elect 
the i! hol CTs Caused Lhe 1 | 
t of the welding tip This 1 ere 
of metal 1 the inter e of ( ! é 
heat impu lues Expulsi I t 
t valu r below those nec ry 1 eld 
eet Cy ratio Wa ) T re ( 
resuiti Irom the extrusi et t the we thy ‘ 
| mize expulsion and sheet si rat tri 
es wert united laten typ texture 
tached t the proyectio1 wel t b it 
e! [his arrangement permitted the 
t | ened o the ce | entualls r 
le head thereby largely eliminat offset produ 
n the movi head and reducing de t to olut ‘ bl 
the e ent] tes 
ten | der idaptors electri how Thi ut | I 
on the plate: | the welder in Fi the I "6 Oakite } ' 
! their construction are illustrated to scale in ise of t luti per t 
easuremenit | relative electrode movement by presente | 
ial licators 1 i plane t right angles to the etl le ( 
ter line of the pl ten type holders, disclosed efles 
t exceed 0.0016-in. with 4000 Ib. pressure ap 
For the purpose of cooling the electrodes. the cit Table 3—Electrode Design Identificatior 
iter supply proved unreliable in pressure and tempet EI 
da refrigerant cooling system was used thi ugh D 
it the tests which provided i greater flow coolant Ide : 
ta ¢ tant rate and more uniform te perature \ _ : 
cript of the refrigerant cooling system mav be found ; ; = , 


evious paper by the authors.’ 


tially the electrodes were cooled by circulating a Fig. 4 2-i ia 
nigerated ethanol-water solution (50/50) at a flow rate 
gal. per minute per tip at a temperature of —25° ¢ C Rie 5 92 in. rm , 
sam. trode 
ew crucial experiments in the preliminary work 
the tip temperature, as measured by a thermo. Pig. Upper—2 
imbedded in a silver plug in. beneath the weld + seg 
ce, reached a maximum of about the same value 
ther refrigerant cooling or water c oling 
Electrode Material and Design 
Table l—Properties of '/,-In. Hot-Rolled Mild Steel Used in 
Spot Welding Tests All electrodes were made fri t Mallos 
Rockwell B - 3 Metal 1!/9-i1 diame ter draw1 b s the 
ensile strength, psi 53 Fry physical properties of the materi 
1, % in 2 in 38 Four electrode designs were investigate ill being 
conductivity, % of I.A.C.S 13.42 basically female threaded tips but iffers ng 
il Composition, 


face contours 


Phe designs ; re 


0.14 
I nese 0) = ing sketches as listed 1 lable 3 
ru 1 O16 All electrodes used in the inve Vv ( ule 
) 062 threaded 4 1n tap) | 11 21 
long 
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Fig. 3 Fig. 4 Fig. 5 


Ihe first design, shown in Fig. 3 and designated as spot-welded products it is frequently necessary t] 
electrodes A, had a 2-in. spherical radius face. least one sheet be relatively free of indentatior 
The electrodes B (Fig. 4) had a '/»-in. flat face and 30 
approach. 
The electrodes C (Fig. 5) had a 2-in. radius face with Current Timing Schedules 
1/,-in. diameter flat. 
Both upper and lower electrodes were similar in the Seven current duration schedules were inv: 
first three cases mentioned, but in the last set shown in five of which were continuous current appl 


a 


Fig. 6 and designated as electrodes D, the upper electrode while two were | ulsation welding schedules. 
had a 2-in. radius face, while the lower electrode was a rhe five continuous timing periods were 1, 2, : 
flat face tip whose contacting surface was the same asthe: 5 sec., while the two pulsation schedules wer« 
major diameter of the electrode. on, 5 cycles off, 12 pulsations, and 20 cycles on, 
The latter combination was investigated since in many Off, 15 pulsations. The schedules are identified 
test results by a single number which identifies th: 


period as listed in Table 


Table 4 Current Timing Schedules Welding Pressure 


Schedul : 
, Preliminary investigation revealed that a 


Identification Current Timing Schedule ; 
- force as low as 2000 lb. on the in. stock w 

i Sec 60 cycles 

y. 2 sex 120 eycle ficient and was conducive to considerable vari 

3 3 set 180 cycle resultant weld strength with a given heat input I 

4 4 sec. (240 cycles) ity, as revealed by X-ray analysis, was also rather 

5 5 sec. (300 cycl 

- nounced in most instances with this pressure, 

U cyck yn, ycl ou, ic pulsations 

7 20 cycles on, 10 cycles off, 15 pulsations force as high as 4000 Ib. resulted im excessive sheet 
tion by reason of extrusion of plastic metal at th 
interface. Porosity, however, was materially 
but indentation substantially increased. As 
the preliminary work, a welding force of 3000 

—_— ae! selected and adhered to throughout the test seri 
FLAT 3-16 TAP 
4 = = - 
| GRE 
4 
1 SiS! 
' 
Fig. 6—Electrode Design 
t 
: Fig. 7--Shear Test Specimen 
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Table 5—Test Conditions for Experimental Welding of '/,- [1 
In. Mild Steel 


welds wer ete it 
. ‘ tors adi sed 1 
lding force 30001b. (using air lock cylinders fac | 
nt timing Variable—Table 4 Indentation vw letermi Fr 
eze period 2 sec cator and the average of thr we 
eriod pre on W ccepted 
lock collapse 4 Minimum in. maximum . 
ide material Mallory 3—Table 2 parati 
) desig types—Table 3 it por O1 
coolant Refrigerant at —25° C test specimet total th 
lant flow rate 5 gal./min./tip 
measured and the sum thi 
trode holders Fig. 2—platen type : , 
M rial welded 2-in. hot-rolled mild steel 
la il preparation Chemical clean in Oakite No. 32 Wel penetrat1 S mn er Y 
Solution—Appendix A ns and the per ¢ penet 5 
idard test specimen Fig. 7 
gth oF test specimen 
inserted in tensile = » 
Loa g rate on tensile whet 
achine 0.05 in. per minute thr es e sheet 
dist nice ft e] 
he wel ugget diameter 


Test Procedure urements made on fractured 


test procedure consisted of making a series of 
elds on each of the four electrode designs, the iri 
timing schedules and secondary current 
ch timing schedule the welding current was vari 
ut eight steps from a low value, at which no well 
weld area occurred, to a high value at which 
expulsion consistently occurred. At each current 
vere made, three of which were used 
te pecimens lwo welds were made for macri 
crt inalysis and Lire 
et \ll welds were subjected first to X-1 
d indentation measured The dimensiot1 
t weld specimens are shown in Fig. 7 
ure was provided over the lower welding electrod: 
er to properly position the weld. Thi n be 
hot iph, Fig. 8, which also illustrates the de 
the setup with the «-in. Steel plates in posit 
cit r object surrounding the lower electrod: 
air core toroidal coil in which induce 
en current flows through the electrod: Phe 
in such a manner that voltage induced 1 
1 dependent of the posits the evil 
lectrode Che induced voltage is gral 
l resist nce-capacitance circuit ind the 1 
il 1s fed into the amplifier of cathode 
( The u e obtained on the screen fait] lly 
ct vel current wave form evel! he 
t controlis used. This equipment, havi 


rated, was used to measure the magnitude « 


sistency of the timing and pulsation periot 
termined for every weld made by mea ( 
llograph, utilizing a split core transformer in 
Ides primary as a source of signal. 


re commencing a test, all electrodes were carefully 


e 6—Interpretation of Weld Qualities on Following 
Measurements Welds H Chr, 
Welding current Increasing the maevnit 
A-ray analysi 11 
Porosity 
Crack up to a p Lit 
Indentation of single sheet thickn curred tro é 
neet separation thi he iVieT ¢ 
aking load higl 
Weld nugget dian the weld wou ery 
NUAR! ma SPOT WELDING HEAVY STEEL PLATE 4 


aligned and subjected to twent nditioni welds 
Table 5 is listed a summary of the test conditions 
d 
i 9 
if 
| 
\ 
Fig. 8 
t 


occurred, in some cases, disclosed higher values than that 
of welds made at currents slightly below that at which 
expulsion occurred However, the occurrence of expul 
sion was invariably accompanied by such undesirable 
effects as severe indentation, excessive sheet separation 
and, probably most objection ible, extensive porosity in 
the weld area. The latter defect may be instrumental in 
materially lowering the impact and fatigue strength of 
the joint. For comparative purposes in our tests, a weld 
of optimum strength was, therefore, considered as one 
produced by a current value slightly less than that at 
which ¢ xpulsion occurred. 

The optimum value of current would be the highest 
value of current possible without expulsion ever occur 
ring, considering the normal variations of material prepa 
ration, surface condition and welding technique In 
most cases the optumum current was tound to averagt 
ibout 1500 amp. below the expulsion value 

The bar chart, Fig. 9, discloses the breaking load in 
pounds and per cent indentation for optimum welds 
without expulsion as averaged from all tests. The type 
of failure is also shown and the chart includes the results 
on all four electrode designs and seven timing schedules 

In examining the chart, Fig. 9, the values presented are 
iverage values computed from a limited number of 
specimens. For example, the breaking load was com 
puted from tests on three specimens, while the indenta 
tion was averaged for five welds, and while all welds 
were made in close succession under as carefully con 
trolled laboratory conditions as possible, it should be eCVi1 
dent that a greater number of samples would shift the 
iverage slightly one way or the other The charts, 
therefore, indicate a general trend 

\ se ctioned sample ola typ al we ld prope rly polished 
and etched, perhaps reveals much important informa 
tion impractical to convey in numerical values or written 
word 


BREAKING LOAD @& INDENTATION FOR WELDS OF 
FUNCTION OF CURRENT TIMING 
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Figure 10 shows typical weld structures corres] 
to the optimum welds in Fig. 9, bar chart 

Che welds in Fig. 10 were sectioned through tl 
center, prepared by polishing down to 3/0 pay 
etching with a reagent consisting of one part iodi 


~ 


parts potassium wdide and ten parts water 


etchant clearly defines the weld area and permit 


raphy of low magnifications. Each weld shov 
trates a weld section made at optimum current , 
the various electrode designs and timing scheduk 


1 


\ slight overetching is apparent in a few of 
sections; for example, the weld made with the 
trodes at timing schedule 5 seems, at first glane 
tend entirely through the plates. A closer exan 
shows that the re igerit has attacked the metal 
ing the weld nugget, obscuring its boundary \ 


the plate penetration 1s about 70%,. 
Che numerical figure on each weld in Fig d 
iverage breakin g load tor the three shear test 
made at the particular current value, with the give ‘ 
trode design and timing schedule . 
Typical radiographs from the optimum weld 
ire disclosed im Fig. | This figure was prep 
making contact prints from the radiograph neg 
Phi radiographs are not necessarily the weld sh 
the sectioned group, Fig. 10, but are a typical t id 
from one of the five welds m any specific gt 
welds bu 
The balance of pertinent data relative to the opt ty 
weld series including welding current, heat imput 
sheet separation, 1s compiled in Table 7. 
An analysis of Figs. 9, 10 and 11, and Table 7 ind 
generally, the following conclusio1 ti 
klectrode Contour. Welds of optimur 
without expulsion and with minimum indentatior 
obtained using electrodes C Mig nt 
Electrodes A (Fig produced weld of good sti 0 
OPTIMUM STRENGTH WITHOUT EXPULSION AS A 
SCHEDULES pa 


Se«ce IMING SCHEDULES 
www aa a a eowwwitd 
w w 
SECON 
SE NOS 
SSECONOS 
4-4 SECONDS 
5-5 SE wos 
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. 5 PULSATIONS 
4 
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7 BPE ARING 
NOENTATION 
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Fig. 10 Electrode Design 


but porosity was slightly more pronounced and indenta 
was greater 
Phe pointed electrodes B (Fig. 4) produced welds with 
unimum Of porosity over a wider range of welding 
nditions. However, the indentation and sheet separa 
it heat input values producing high-strength welds 
probably prohibitive 
The electrodes D combination, the use of which was 
ntended to produce a negligible indentation in one sheet, 
ive welds of satisfactory strength although some poros 
Vi is experienced 
Referrmg to Fig. 10 it 1s observed that the important 
prerequisite to obtain a suitable weld with electrodes D 


An 10 
~ 
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‘ 
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IS 40) 
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pulsion occurred at current values about 1500 amy igher 
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restricted electrode 


SPOT WELDING HEAVY STEEL PLATE 


is to obtain symmetrical penetratior f the weld int . 
each sheet The tendency for the weld rea 1 eveloy 1 
largely in the sheet against the radius faced electrode was 
due to the higher current density in this sheet, caused by ‘ 
the EE contact area, combined with th 
low current density in the sheet « tacted by the large — 
i flat electrode and its greater rate heat dissipation | 
} lin ing Schedules An exami | n ot the tore 
going results, and more specifical ie bar chart, Fig. 9 i 
ind weld sections, Fig. 10, ind te hat the selection of .! 
a suitable timing schedule 1s greatest importance 1f a 
welds of idequats diameter I freedom tro undesi. 
ible features are to be obtained : 
Table 7 
Weld Diam... Sheet Pr trot : 
+s 
j 
{ i4 
0.74 
78 AS 
it 
i 
NUAR! 1945 5] 


TIMING SCHEDULE 


| | 2 3 4 5 6 7 
a 
O 3 
& i 
< 
VU 4 : 
a 
j U 


Fig. 1] 


TIMING SCHEDULE 


INCREASING CURRENT 


52- WELDING RESEARCH SUPPLEMENT JANUARY 194 


vies . le 


TIMING SCHEDULE 


INCREASING CURRENT 


Fig. 13-—Electrodes B (‘‘X’' = Expulsion) 
With short timing intervals, such as 1, 2 or 3 se The Schedule 7 pulsation timing was most effective 
- Schedules 1, 2 and 3), it was impractical to obtain welds im reducing porosity, generall nd 1 entation v 
istactory size before expulsion occurred. This held this longer pulsation schedule w 
| rue for all electrode designs investigated. Forexample, than in the 5-sec. straight tu gy, except he case of 
P sec. timing (Schedule 1) the maximum weld di the electrodes / here the | ‘ 
- meters obtainable without expulsion were 0.125, 0.360 — sulted im im SE lent 
SO in. for electrodes A, B and C, respectively, Some of the bre roach 
corresponding breaking loads of 16,600, 14,120 and those of the plat enial. V erisile 
0,900 Ib. With l-sec. timing using electrodes D, the strength of 53,500 psi. 1n the ors | plate and the cross 
oo rgest weld diameter without expulsion was 0.61 in. sectional area being 0.5 in.*, plate failure would be 
but the weld area was disposed practically 100% in one pected at a load of 26,400 lb. However, plate failure 
et (Fig. 10) resulting in the diameter of the weld at occur in some welded samples, 1 le at higher heat 
- the interface being essentially zero. This latter weld de- puts, at breaking loads as | . 
da breaking load of 13,467 Ib., largely acquired by In practically all wel made the ar f bonding was 
ent fusion and recrystallization across the inter- comprised of two well-defi 
ner Z which the t eT 
ore In the electrodes D tests, surface expulsion of metal raised above the melting point the area exhibited the 
irred between the radius face tip and sheet surface usual cast columnar structur: Enveloping this cast 
¥ ll welds at l-sec. timing and, in most of the welds, at mugget was a zone in which the steel ed 
c. timing temperature above the « = bel : 
. Welds from the 3- and 4-sec. timing series, although point and in which the overheat 


latively high strength, were considered in- grain refinement or excessive 
lue to lack of symmetry and presence of excessive on the temperature attained 


4 rosity and cracks. The 5-sec. timing (Schedule 5) pro- interface this latter area forme 
ed relatively sound welds of good strength with elec bonding in which welding 
. trodes A, B and C. The Schedule 7 pulsation timing crystallizati cross the 1 


, emed to be preferable with electrodes D since porosity The area of the weld at t 

- Yas munimized and weld symmetry improved. had occurred by recrystallizati 

lhe Schedule 6 pulsation timing produced welds more able strength to the joint, althoug! 

rable than did the 4-sec. timing (Schedule 4), but tion was rather difficult The tot umeter of the 
o-sec. straight timing seemed generally preferable welded area measured during the experiments was found 
le Schedule 6 pulsation. to be from 3 to 12 greater than th aainen allt Whe 
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: Table 8—Range of Welding Current Investigated 
3 econdary Current in Amy 
4 Electrode 
Weld I B ( 
in liming Schedule Priming Schedule liming Scheduk 
; Seri 2 5 2 5 2 2 
13.7 13.8 13. 19 5.2 17.5 17.2 6% 17.4 
14.0 15.0 5.0 20.2 15.9 17.8 17. 8.2 17.9 
14.5 16.2 6.0 21 16.7 18.1 6.8 8 
14.5 16.7 21.1 17.4 19.4 is.4 22.4 
15.4 17. 3.4 19 6 20.3 19 2 3.4 4.4 
16.4 3.0% 24.8 24.8 24.2 rs 7 0 
9 19.6* 
* Expulsion at this valu 
zone. For example, in the welds made with electrodes B from a low value, producing little or no fusion, t \ 
at 4-sec. timing, the major diameter of the bonded area value at which interfacial expulsion occurred. T| 
at the imterface averaged 0.727 in. (area 0.415 1n.*), of current values investigated in which the welds C 
and the diameter of the cast nugget was 0.667 in. (area Figs. 12, 13, l4and 15 were made, are tabulated 1 7 
0.349 in.*). The area of the zone in which bonding by In Figure 12 (electrodes A), the short 2-se - 
recrystallization occurred was, therefore, 0.066 -in.*, produced weld areas more spherical than ellipsoi U 
* which was 16%, of the total area. considerable porosity existed through the rans < 
. ie — Schedule 7 pulsation timing, the welds were ellips 
‘i The geometry and structural characteristics of welds Che first weld is of interest in the Schedule 7 C 
made using electrodes A, B, C and D, asa function of in- — series, made at 13,600 amp., which fractured at ( 
creasing currents, are disclosed in Figs. 12, 13, 1|4and 15, Incipient fusion occurred in the plate adjacent . 
respectively. not at, the interface Che strength of 10,467 Il : 
Three timing schedules were covered, namely, the 2 have been obtaimed | irgely trom recryst illizats 
sec., 5-sec. and Schedule 7 pulsation. The current ranged the interface of the metals 
TIMING SCHEDULE 


ni 
; 


12.228 | 

18, 667 


INCREASING CURRENT 


Fig. 14 Electrodes C (‘‘X"’ = Expulsion) 
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Fig. 15 Electrodes D (‘‘X”’ Expulsion) 


lhe next weld, made at 15,000 amp., produced a defi sightly higher strength before expulsion occurred th 
nite cast nugget at the interface slightly under in. diam was obtained with the 5-sec. tu g 
- ter, having a breaking load of 13,2S3 Ib \n increase in current of about 2500 to 5000 amp. was 
Phe welds obtained with the 5-sec. straight timing and required with the long pulsation schedule to produce 
r the Schedule 7 pulsation timing were quite similar in welds equivalent m strength to those obtained with the 
ao} contour ind developed generally equivalent strength >-sec. Straight timing 
g dbelore expulsion occurred. Slightly higher welding cur Porosity in the weld area was slightly less with the pul 
| nts were required for the pulsation timing schedule to — sation Schedule 7 although, im mat velds, it was no less 
- produce welds equivalent in breaking load to that of the pronounced than in the 5-sec. timing series 
Be, ec. timing This probably was the result of the In Figure 15 (electrodes ))) the effect of timing was 
36] greater heat loss occurring by dissipation in the sheet most pronounced and the madequacy of the short 2-se« 
—¥ luring the off-time period of the pulsation schedule timing was evident 
2 Fig. 13 (electrodes B) the first four welds im the 2 Che first weld in the Set g series shows the 
sec, timing series were made at currents increasing from weld area disposed almost entirely im the top plate, and 
5) 4,600 to 21,100 amp. without producing a definite weld even at the highest current values the weld nugget had 
me at the interface, but a small fused area occurred m penetrated almost completely through the top plate with 
3 le plates. All of the latter welds broke around 9400 only about 45°, penetration in the lower plate 
as lb., and when the current was increased to 21,500 ump Porosity and cracks were pr unced throughout the 
lefinite weld at the interface, breaking at 13,883 Ib 2-sec. timing and even with the 5-se« ntinuous tim 
Was obtained. ing, considerable porosity in the weld area was in e' 
in the 5-sec. timing and Schedule 7 pulsation series dence, although the wel o OE re ¢ ly dis 
the welds were generally equivalent, but the excessive posed in both sheets 
indentation and sheet separation was evident, particu he longer Schedule 7 pulsation seemed the most ce 
a larly at the higher heat values. Porosity was at a mini sirable with the electrodes D) since p ity was muni 
| with electrodes B as compared with the other elec- mized and the weld was symmetrically disposed betweer 
rode designs, and was at a minimum in the Schedule 7 the sheets 
: ing senes. In some of the welds made with electrodes D, a rathe1 
eo Fig. 14 (electrodes C) the inadequacy of the short curious structure was observed which is illustrate st 


i 
timing was evident in all of the welds by reason clearly by the 5th, 7th and 9th welds in the Scheduk 
ler lack of symmetry and presence of cracks and timing series of Fig. 15. A sharply defined duplex struc 


sity. ture appears at the top of the weld ar idjacent to the 
ie Schedule 7 pulsation timing produced welds of — side contacted by the radius-faced electrods \n abrupt 


NUAR! 1945 SPOT WELDING HEAVY STEEL PLATE 55. 


TIMING SCHEDULE 
2 5 7 
200 = 467 11,100 

lables 18,833 4 23.73 22,617 

bho 


transition occurs between the structure in which fusion Conclusion 
occurred and a structure consisting of large columnar 
S crystals. A summary of the results of the present invest 
Chis latter area appare utly was heated to a tempera in the resistance spot welding of '/4-in. hot-rolled 
: ture somewhat below the melting point but well above the mild steel using conventional a.-c. welding equi 
: critical. Grain growth and preferred orientation § jndicates the following conclusions, 
i occurred, which was preserved by rapid cooling. |. Of the three conventional electrode design 
3 In welds made with electrodes D the zone between the (CC. thy electrodes type C (Fig. 5) produced weld 
; weld nugget and the undisturbed Structure was very most desirable combination of maximum t1 
f narrow 1n the sheet against the flat electrode. Occasion minimum indentation, sheet separation and por ‘- 
ally when fractures occurred in tension, the weld nugget 2. The type C electrodes were best used in « Pr 
te was pulled out ol the sheet wh hn contac ted the flat elec tion with eithet £)-Se¢ straight timing or the Schr 


trode. pulsation timing 


5. With electrodes C, if an arbitrarily 1 
breaking load of 16,000 Ib. was specified which is 


/:lectrode Deterioration 

After making 400 welds on each of the four sets of 
electrodes, the deterioration in all cases was negligible, 
as may be observed in Fig. 16. 


onable figure, the minimum sheet penetration wor 


90 to 60% and the weld diameter a minimum 
A 0.363-m. diameter flat had formed on the 2-in 


9 in, 
% ou. fo obtain welds whose strength would not fall 
f radius-faced A electrodes, while there was no measurable this minimnum figure. and. at the other extreme. w 
increase in face diameter on either the B or C electrodes. absence of expulsion, then the permissible current 
t il, i i il Lit 
A 0.437-in. diameter flat appeared on the upper elec- with 


trodes D. ; 22,000 amps., and with the Schedule 7 pulsatior 
Three Rockwell hardness re adings made on the face of from about 20 000 te 


5-sec. straight timing would be from 


Zé amp 


each of the electrodes after making 400 welds, showed the t. The electrodes D co 
following: 


mbination was used 


torily to produce welds of excellent strength 


Electrodes A 63 Rockwell B mum porosity in conjunction with the Schedul 
Electré B 635 Rockwell B Hon 
Electrodes C 65 Rockwell B 9. With the electrodes D welds breaking at 
{ 1a ) na 1, ith 
Electrodes D 50 Rockwell B on radius face than 16,000 Ib. and, at the other extreme witl 
69 Rockwell B on flat face pulsion, may be made with current values ra 
18,000 to 25,000 amp 
Obviously, a very substantial additional number of 6. As was intended with the electrodes D, th 
welds would be required in order to cause any appreciable tation on the outer side of the sheet contacting tl 
electrode deteriorati flat electrod Wa neghevible and discolor 
‘ 
Fig. 16 
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Procedure for Cleaning '/,-In. Hot-Rolled Mild Steel Bibliogray 
Prior to Spot Welding 


Degrease in Oakite Aviation Cleanet 
ncentration oz. Oakite \viati 


water 
Lemperature 70 to SO” 
lime ol treatment mit ivitate 


se il Warm running water. 7. Spraragen. W. 
2 min. 
Pickle in Oakite No. 32 Solution 
neentration 50% Oakite No. 32-50! 
wate! be 


tresses in Welded Structures 


By H. C. Boardman? 


HROUGHOUT this paper the author has felt free fibers which were plastically shorte 
to take advantage of his limitations by asking were elastically lengthened. ( 


questions which he cannot answer. For this rea ind cold dishing result in similar tert 
he paper may prove to be more provocative than stress systems 
mative It has to do primarily with fusion-welded Such cold working may be exj* to 1 
tures of plain low-carbon steels having well-defined point and reduce the ductility 
ic yield ranges at about one-half of the ultimat fabrication straining experienc: 
strength. Of course, these ranges are for uniaxial (one unfit that plate for service 
il) stresses be rolled or pressed or dished 1 
What are the corresponding plastic yield ranges for all it will crack. Is it safe to assun 
conditions of biaxial (all-directional in a plane) and all vive rolling they will als I 
litions of triaxial (all-directional) stresses? When _ service loads? If t, how 
does plastic yielding mean safety; when does it mean mined? The A.S.M.E. Unfir 
failure ? juires furnace stress reliev 
Naive, indeed, is he who believes that all stresses in than 1'/, in. and for smallet 
structures are due to the loads upon them. Plates and diameter (In.) + 50 0 but | estri 
pes as-received from the mills often contain high rolling. Thus the Code implies that ld rt 


resses ,which are ignored in designing. Practically the above-given thickness limits 
every fabricating operation, such as shearing, planing, gin of safety for welding str rn 
xygen cutting, chipping, flanging, braking, rolling, ings 
pressing and dishing, causes stresses whi lesign | eras 
Cs Thess mull and fabrication str ses are common to have been qualified under the A os 
to both riveted and welded construction. Of course, Socrety’s Tentative Standard Ou 
ng and welding also cause locked-t 


ip stresses. lated April 25, 194 Oualit 
ld rolling a flat plate into a cyli 


nder, the fibers welding of all thi { es 


the neutral axis are strained elasticaily and the rest the butt weldu 
illy; after rolling, the elastically strained fibers i! pprox.) plate Phe 
recover their original lengths and thus to flatten the eled ion ) 
but the plastically strained fibers prevent their peratur The procedurt 
Therefore, the final stress system across thi cator 1 ing to use in prod 
the plate leaves the rolls, consists of tw result re 
| couples, with compression stresses in the fibers A tensile 
were plastically lengthened and in those which then 
lastically shortened, and tensile stresses in the ag 
\ 
at t | An ron & lds 
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special Guided-Bend Test Jig. see Fig. 19, 
A.W.5S. Tentative Standard Qualification Pro 
cedure 


it seems that underlying the Standard Qualification 
Procedure is the idea that if a particular procedure meets 
the test requirements under laboratory conditions it is 
likely, in the hands of skilled operators, to produce joints, 
under shop or field conditions, which will not fail in sery 
ices for which the unwelded material is adequate Phere 
lore an inquiry into the stresses and strains in the welded 
qualification test specimens is in order. Few welded 
assemblies could be simpler. 

The problem may be approached by an idealized case, 
assuming the two plates to be each 6 x 1 x 13-in., and 
lying flat on a table side by side, 1'/, in. apart, having 
between them a |!'/4-1n. diameter rod about 15 in. long 
with nuts tightened against the plate ends sufficiently to 
develop 30,000 Ib. stress in the rod. Then, obviously, 
15,000 Ib. is resisted as a column by each plate. Further 
more, because of eccentricity, the plates not only are 
shortened but also bowed sideways away from each other 
If the two plates, the rod and the nuts be thought of as a 


unit assembly, the tensile, compressive and bending 
stresses constitute a balanced system of locked-up in 
ternal stresses which could be eliminated either by 


stretching the rod plastically so that upon release of the 
stretching load on the rod ends the nuts would no longer 
bear on the plate ends, or by compressing the plates 
plastically so that upon release of the compressing load 
the plates would no longer press against the nuts. It is 
plain that while the rod was being stretched plastically 
the plates would lengthen elastically, and while the plate ~ 
were being compressed plastically the rod would shorten 
elastically. 

If the assembly were given a stress-relief heat treatment 
in a furnace at a temperature of 1200° F., and cooled uni 
formly, the rod stress would be reduced at least to SOOO 


psi., the approximate yield point strength at that tem 


perature, and the compressive stresses in the plates 
would be correspondingly relieved 
In a very crude way the rod and plate assembly repre 


sents two plates fusion welded together, the weld and two 
narrow adjoining strips of plate replacing the rod For 
simplicity it may be assumed that the welding was done 
by instantly filling with molten weld metal a single-\ 
Immediately after deposition, the metal fused 
with the sides of the groove and beg: heat to the 
air and the plates. As it cooled, the weld metal con 
tracted but the neighboring plate metal expanded; then 
the weld and heated plate metal cooled together Phe 
lengthwise expansion of the hot-plate material near the 
weld was restricted by the relatively cold plate material 
farther away from the weld sufficiently to plastically 
thicken a narrow band on each side of the weld. There 
fore, upon cooling, the weld metal and the upset strips 
of plate metal were shorter than they were originally and 
induced compressive stresses in the rest of the plate ma 
terial. Because of eccentricity, the tension in the weld 
and adjoining strips also caused stresses across the joint 

In this case the residual stresses could be 


groove 


itl to lose 


reduced by 


they and the weld 
would and 


so that 
extent 


|. Preheating the plates 
metal to 
together. 
y Elongating plastically the finished weld and upset 
plate strips sufficiently to make their unloaded 
length the same as that of the 
mainders of the plates 
be done by 


some cool shorten 


unstressed re 
This lengthening might 
pulling in a tension machine, by 
squeezing thinner and longer in a press, or by 
peening. Could the tensile load be applied SO 
quickly that it would break the specimen? 
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4. Shortening plastically the plates suflici 
make their unloaded length the same 
the unstressed weld. 


Applying a stress-relief heat treatment 


This fanciful example makes clear the reasons 
the nature and methods of relieving the residual 


due to fusion welding two pl ites together without 
nal restraint Che actual cases are more comy lex 
the weld metal is deposited in lavers Chis 
realized by two examples, continuing to use the ar 


pouring filler metal 


With the same 
may be thought of 
and each layer 
the next one 1s placed. 
laver after the 
below it 
them, the locked-up stress system resulting fro: 
procedure would differ from that due to filling the 
The plates would not only 
lengthwise but also rotate 
weld as more layers wert 


setup of two plates, the molte: 
is deposited in thin full-lengt} 
allowed to cool to room temperature 
¢ 
extent reheat t 
ind, in cooling, be restrained to some de; 


Obviously, 
first would to some 


groove at once 


about a moving axis 

idded and cooled Lhe 

verse contraction of the vounger lavers and the resist W] 
of the older ones would progressively narrow the u res 
portion of the groove, and put the apex 
verse tension Phe rotation and narrowing could 1 
be offset by peening each laver sufficiently 


plates to their flat position 


he procedure could be 
sloping, in which case the horizontal layers w 
short, extend from the bottom to the top of th 
and establish a unique residual 
method would rotate stress the plates less tl 
preceding one and could be made to supply it 


fibers 1m trai 
to restore 


Same used with the 


Stress syste! 


ind 


heat 

Actual manual are welding deposits weld m« 
eral forms and sequences. Parallel string beads or 
beads may be used. By both the string and wea\ oe 
niques the groove may be filled by full-length 1 
ous layers, or by short layers either parallel o1 
to the groove bottom If inclined, each short la 
tends from top to bottom of the groove and Mu 
width: this 1s one form of cascade weldin | 
clined, the short lengths are usually deposited ' 
their ends form a series of steps upon which the | +} 


the adjoining short lengths are lapped; this 1 
form of cascade welding Che short lengths o! 
joint may be completed in order, or intermittent 
so-called block method 


What are the 


residual stre 


eS iM specimens m 
butt welding two 6x 1 x 15-in plates by the variou 
able methods? Measurements of the change 1 H 
relaxation) of narrow longitudinal strips cut out nlat: 
weld and plates indicate that the maximum averas 
stress over a strip of the weld may vary from appr: stre 
less than the yield point strength, which ts usuall 
than the yield point strength of the plate material if 
yield point strength, depending upon the particular this 
bination and sequence of iriables used Phe 
maximum stress at a point probably differs widel 


the maximum stres How high could 1t 
terms olf the conventional ultimate strength? ©! 


iveraye 


the strip relaxation method in itself 1s inaccurate 
ignores relaxations in width and thickness 


If the test plates were longer than 13 in., 
maximum residual welding stresses be higher Is 
for a fixed width and thicknes 
critical length giving the maximum residual stre: 
there, for a given thickness and procedure, 
bination of width and length 


and a given proce 


a criti 
Could the residual! 


JANUAR! 


rt 
‘ 
| 1 
x 
( 
ro. 
* 
u \ 
tr 
\ 
tr 
as 


r than the ventional ultimate and, if so, how 
d under what conditions? 
lain that welding 


duction we Iding only 


con 


laboratory would truly test 


the ambi 


produ 


he laboratory t mperature were that ot 


en) emperature at the time ol the 


here were provided on the peripheral edges of the 
} 


weldment during welding a variable restraint 
recisely the same as that imposed on the irre 
ponding weldment by the surrounding structure 


during production welding 
here were provided on the peripheral edges of the 
weldment a triable heat flow precise lv the same 
that provided for the 
surrounding 
production welding 
Following the completion of the laboratory weld 
ing there ipplied to the weldment | 
the test load and precisely the same temper 
which are applied to the weldment 


wel 


nt | during 


me! the Structure 


ITeECISE lv 
iture 


were 


part the actual structure 
When a longitudinal seam of a l-in. shell ring of a 
ressure el is welded with a certain procedure is the 
um locked-up stress more than in in. test 


nemmet 


It probably 1s, 
thermally not 


welded by the same procedure? 
vertheless fabricators of 


Stress 


lieved pressure vessels apply with confidence, on the 
| longitudinal seams, procedures qualified under 
\.W.S. Standard Wu ilification Proceduré They 
m experience that their vessels, not over 1 in 

vill almost invariably endure hammer testing at 

les the working pressure and hydraulic testing at 


he working pressure—-and thereafter perform well 


1c Does a satisfactory hvdraulic test to twice 
rking pressure assure good service behavior at the 
pressure lo what extent, if anv, does service 


rature lower than the test temperature affect the 
especially when notches are present 
How is it that a vessel already beset by high mill and 


tion strains and stresses 1s able to survive twice the 

I pressure At first thought it seems that the 

essure stresses and locked-up stresses would be directly 
e and surely cause distress or failure Stretchir 

en as one method of mechanically stress reli 9 

ne tin atest specimen. Soin a vessel the test pres 

ure 1s believed to stretch plastically all of the welds, thus 
eheving them of loads which otherwise they would have 
ry lhe higher the pressure the greater the relief 


t ed that the general hoop stresses do not exceed the 

ld the plates Would general vielding 
train hardening or embrittlement ? 

How does increasing the thickness affect the abilitv of 
» deform plastically ? 

ring stre 


tr In 


pore 


int of result 


ses in a cylinder are twice the longitudinal 
i sphere there is an equi-biaxial stress condi 
ssure mechanically 
does a cylinder Tests and experience indicate an 
lirmative reply, although the plastic yielding for a 
d stress is less than for a evlindet 
tly there was tested a three 
pherical segments welded together and connect 
ree diaphragms 120° apart. E 


Stress a sphere 
oiven 
lobed vessel made of 


ich lobe was 4 ft. 0 


hameter and */, in. thick; the diapbiragms wer 
thick too lhe calculated stresses in the spherical 

ind in the diaphragms were equal Phe lobes 

hed cold and the structure was not thermall 
eheved The material was A.S.T.M.-A7 steel 


pressure range of 100 to 1 00 psi LO0.000 evcles 
pplied with no signs of 


distress except 1n the 
up seam where the cap plates in enc h lobe 


be elded in trom the utsicie 
pail vere made 1n these to st lk 
sel hvdrostatically tested to failur 
fracture rently br lat t 
the backed u plate ean | 
failure culat he thi 
original di ter 7 
In this test t tt , 
phragn the three curve 
haphram ere tate of 
) he iTil t! \ 
tressit be made t 
hydrostati essure What 
sphere under incre ngly highs 
tens1o i such t 1 
re, there could be 
repugnant to the m1 which re 
hesive rupture would t eventual 
tress and with what detormat \ 
ther elastic deformati ( 
t ecime vhich will fail unde 
triaxial t ile stress W ould 
in the ts which lv the |] 
questi re important 
bility of parts multi-axiall t 
inte locked-up or externall 
out 1 det exce ive burck 
th the result that they fail 1 
the j;wining steel is able to pr 
le Would thermal shi 
ivoid their proper burde hi 
cal members in mult tr 
Fabricator oul elcom« 
What ts the be st proc Lire 
iit hol in the ec 
ime thicknes 
met «I best Wi 
round the hol re { 
the continuous thin | ! 
tive 
Closely related t { 
best procedure lor WV 
reinforcing ring to a pressure 
Is the Charpy notch-impact t 
of the suitability of steel 
service If rt 
what is the proper ( 
for temperature 
available carbon steels have 
What assurance can be en t 
the tee] vhich the 
Specificat ire 
strain aging due to col 
fabrication or testi 
Chere 1s danger that taslure 
fabrication or design be attnbuts 
the authors opi rn, fe r 
ible to wel but n y tot 
Some engineers believe that loc] 
nduced by welding or otherwise, r 
it] lication xte 
locke ip stresses 1 ting 
undrvman weather het If the 
thev be due t 
tions in which they are t | 
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Wheels shrunk on axles remain tight, and rivets in old 


buildings and bridges retain at least a large part of their 
original tension, as do countless machine ] 


sor W. M. Wilson of the University of IWinois recently 


found that rivets in a 40-v1 old bridge still had a tensio1 
of about 12,000 psi.; he does not know the original value 

lhe principle of helpful locked up stresses 1s practically 
applied by the manufacturers of solid-w iled auto-fret 
taged pressure vessels and of lavet pressure vessels who 
prestress the shells to improve the Stress distribution over 


the wall thickness when the working pressure is applied 


compression by shot blasting is reported to 


greatly increase the service life of springs hese illus 
trations show that locked up stresses can be made to 
work for rather than against the designer 


lests by Professor W. M. Wilson hav proved that if 
an unstress-relieved structural section be built up of sey 
eral pieces welded together and tested as a column lon 
side a rolled section of the sam«e cross-sectional are: ‘ 
length, it will be found to fail at ipproximately the same 
load as the rolled section. uthough in it initi 
locked up stresses at or near the yield point The parts 
which are under initially hich « IM pPressive 
plastically under relatively small loads, and just prior 
to failure are Stre 


of the se tion. 


ed little, if any, more than the rest 
Presumably a similar result would have 


been obtained had he tested in tension rather than com 
pression. Would this be true regardless of thickn ind 
cross-sectional form ? 

Professor Wilson also found that the rinally stress 
relieving butt-welded fatigue test specimens did not in 
increase the fatigue streneth acr the joint Che first 
re cvele Seem racti lly rel the pe i} 
i the residual st ot It surprisi 
Lhe ecime it the ere ind i! 
thi ind 1.S.T.M i steel W results |] 
t} | ] ott | 

| ri its 1S | ) rect I 

member ubiecte to in t or sudde 

e recor madi that re ite] 
( | 
he att illed 
lk ich al Ror 

ry 1 tre { 

odium nitrat devel 
( tO) cr LC} 1 | Si! ] 

been had with her liqui rmal 
tre i is d to appre¢ educe rat 
ot att Luch search w ! thi field neec 
\\ ld peeni hely 

the question of stre in is really the gener 
( ct that ot steel 3 

ree Til | titi not failure 
1) } ‘ 1 el Doe t thre 
Te 1] re | 1 t he Tr | 
thermal histor i the steel as well] upon its present 


Council of The Engineering Foundation, of whj 
Chapman is Chairman, is basing its work or 


he premise, “Physical behavior of 


with the type of linposed stress syste1 
fhe question, “In a structure preload 
sidual stresses, what are the usable ct, 


ized) stre fields in tructi 
\leasuring these stress field 
luating the residual structural 

lies by imposing on these st: 


umaxial, biaxial and triaxial str 


Some time ago the author expressed the wel 


problem in essentially the following rd 
It is almost axiomatic that the welding o 
simplest carbon steel assemblies by the be st | 


cedures results in internally balanced stresses « 


closely approaching the yield strength of the ba 


metal \t first thought it appears that such 
stresses would be directly additive to thos lu 
service loads and invariably cause failur Happ 
is not true because the more highly stressed port 
usually able to deform plastically when th larg: 
ing load is applied that the stre in tl t 
will 3 ¢ ( ed the vield 1 rit id t} 
wholly elasti 

Furthermore, if, before be pt { 
structure is subjected t load appreciably gr 
the maximun 1 it will 1Ve 
tre un rkit ill be 

the yiel int the strai1 

t t reli | 

the re vel I 

t 1 1] ‘ rif 
1 rt 
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iT ) et ( | 
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esse 1] rt 
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rhe 4 
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Survey of Chemical Cleaning Practices 
or Spot Welding Aluminum Alloys 
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matically operated at temperatures of 140 to 190° FE 
Oakite 31W is used in a wood o1 lead-lined tank; with 
copper or lead coils, at a temperature of 160 to 190° F 
Pitration methods are generally used to control the solu 
tion strength. Eleven companies use unheated water 
for rinsing after precleaning; five use rinse water at 
100 to 140° F 
190” 


and eleven use rinse water at 150 to 


Che primary function of precleaners is to obtain a 
chemically clean surface so that the oxide remover in a 
subsequent operation will produce a surface of low and 
uniform resistance suitable for spot welding. 

Chemical Oxide Re m10ver. Nine acidic typ S ol oxide 
remover are used on Alclad while two alkaline types of 
oxide remover are used on bare 24ST to reduce the sut 
face resistance for spot welding. One company uses 
sulphuric-chromic acid as oxide remover for Alclad, bare 
24ST, 2S, 3S, 52S and 61S since nosmutisformed. For 
oxide removal on Alclad, ten companies are using Oakite 
S4A, four are using hydrofluoric acid, four use Kelite K-1, 
two are using hydrofluosilic acid, two use Diversey DC-1; 
and one company each uses either sulphuric-chromic 
acid, Cee Bee Etchant, Oakite 85, Turco Koldweld, 
hydrofluoric-nitric acid or Vulco spot-weld etch. Three 
companies are using Oakite 30 on bare 24ST and one 
company is using sodium hydroxide but most com 
panies use nitric acid to remove the black smut caused by 
the alkaline oxide remover. 

Oxide Remover Tank Equipment and Temperature 
Control.—For the sake of brevity, the equipment is 
given only for the oxide removers which are used by two 
or more companies. 

Oakite 84A.—-The majority of companies using Oakite 
S4A have cypress wood tanks or steel tanks lined with 
icid-proof lining such as Tygon Flexaprene, lead or 
Monel. The tanks are heated by steam coils made of 
Karbate, Monel, 3S aluminum, carbon, Nocordal or lead 
Baskets of stainless steel, Alclad coated with Butanol, 
38 aluminum, or Monel are generally used to immerse 
the parts. Oakite 84A is used in the majority of cases 
at a temperature of 170 to 1SO° F. and controlled auto 
matically. 

Kelite K-1.—-The companies using Kelite K-1 have 
wood or steel tanks lined with stainless steel. Since 
the solution is used at room temperature, heating coils 
are not needed. Baskets made of low carbon or stainless 
steel are used to immerse the parts. 

Hydrofluoric Acid._-Tanks of wood, steel with lead 
lining, or wood and steel with rubber lining are used for 
this solution his acid is used at room temperature 
ind heating coils are not required. Baskets of stainless 
steel, monel, or rubber-coated steel are used for im 
mersing parts. 


Hydrofluosilic Acid: 


lanks for this solution are made 
of cypress wood. The solution is used at room tem- 
perature. Baskets of stainless steel or aluminum are 
used for immersing parts 


Table 1_—Concentration 


Oxide Average Concentration, Control Range, 


Table 2—Immersion Time in Oxide Remover 


Oxide Immersion Time,' Minut for A 

Kelite K-1 10) ) 10) 

2 

Oakite S4A 2-4 1-5 1-5 { 
Hydrofluori 5 se 5 sec. 40 sec. 45 sec 
Diversey D¢ 
Hydrofluosili 

19 


Hydrofluosilic 


Oakite No ()* 
Nitric acid” 2 2--3 
\sse1 led 1 t 
Detail pa 
Assembled surfac edged 
ba 1 


Diversey DC the companies using D¢ 
wood tank or a steel tank with ceramic brick linings 
tanks are heated with carbon or Monel steam coil 
the temperature automatically controlled between 
172 and 182” F Wood buskets are used to im 


parts 
Oakite 50 and Nitric Acid.—Companies 
Oakite 30 have iron, cypress OF steel lead-lined 


Che Oakite 30 solution is heated by means of stean 
of steel, copper or lead coated steel and usually i 
matically controlled at temperatures of 170 to 19 
Che tanks for nitric acid are steel stainless clad, m 
lined steel or Tygon lined iron. The nitric acid 
it room temperature. 

Agitation of the oxide removers is accomplish 
raising and lowering the basket, by air or steam 1n} 
heated) thro 


if solution 1s igh perforated pip 


Cwenty-three of the companies are using water 
tanks made of carbon steel following the oxide rem 


Cypress wood, wood with chlorinated rubber, 1 


paint or pitch, and stainless clad tanks are al 

[wenty-two companies use unheated tap water 
rinsing following the oxide remover while four 
panies use rinse water between 160 and 180 | I 


teen companies agitate the rinse water, usually by 
of blowing air through a perforated pipe in the tank 

Oxide Remover Solution Strength and Control 
concentrations of the more commonly used oxide 
movers are shown in Table 

The solution strength is generally checked by 1 
tion with only four companies using pH control 
majority check the strength daily. In additio 
titration or pH check, six companies check the pert 
ance of the oxide remover daily by contact resist 
measurements on test pieces. 

Dipping Procedure for Precleaning and Oxide Ren 

Seventeen compan S are using vapor degrease! 
precle: ning heavily sotied parts. 

In precleaning lightly soiled parts in the alkaline 
cleaners, the immersion time ranges from 1 to 20 
depending upon the difficulty of removing the 


Remover Oz./Gal. Water Oz./Gal. Water Che average time of immersion 1s about 5 min 
Oakite 844A 6 5.5-6.5 [ypical immersion times in the more commonly 
Diversey oxide removers are shown in Table 2. 

: Che dipping sequence for Alclad is as follows 

Kelite K-] 15 by volume 10—50 

H ydrofluori 2-3, by weight 2-3% by weight l. Preclean heavily soiled parts in vapor degrea 

Hydro 7p by wt. conc. acid 1.18-1.4'7 by wt. conc. act 2. Preclean in alkaline aluminum cleanet 
fluosilic 0.6°) by wt. conc. acid 0.5 —-0.7% by wt. conc. acid 

Oakite 31 Q 79 3. Cold or warm water rinse 

Oakite No. 30 & 7-9 t. Immerse in oxide remover 

Nitric acid 25°) by volume 20-30% by volume 5. Rainse in running cold tap water 

a 6. Dry and assemble for spot welding 
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3—Number Spot Welds Between Tip Cleaning on 
Different Machines 


Condenser 


Tabie 


Discharg¢ magnet 

O40 0.064 O40 0 O64 () ) (4 
to to to Lo to oO ) tc 
40 0.064 0 O20 0.040 UO. O64 0.020 0.04 O64 
1g 23 80 183 181 S6 


Table 4—Number Spot Welds Between Tip Cleaning on 
Alclad for Oakite 84A 


Metal Thickness 
pany 020-0. O20 O40—0 O40 Wi4 

4 hi) 

100 

D 

I: 150 500 ) 

Lou ) 

AV y 


soiled. 
the 


Surtaces 


Operation | is omitted 11 parts are not heavily 
issembled parts are cleaned in Kelite K 
parts spot welded while wet in the faying 
; for bare 24ST is as follows 


The dipping sequence 


Preclean heavily soiled parts in vapor degreaser 


Preclean in Oakite 31W 
Hot water rinse. 
Immerse in Oakite 30 
Cold water 
Immerse in mitric 
Cold water rins¢ 
S. Dry and assemble for spot welding 


icid 


Either a hot or cold air blast 1s generally used to drv 


Che time of spot welding after oxide removal varies 


few minutes up to 72 hr. but with most compan 


t welding within 10 hi Parts not welded in the 

ified time are usually redipped the original time, or 

e brushed or sandpapered 

Production Spot Weldine Results and Misce ne 
vineteen npanies reported itlicult 1 rem 1! 
entuication ink markings, especially from Reynold 
Alclad sheet, in the alkaline aluminum precleaner fot 
lightly soiled parts. Handling of individual parts and 
rubbing with brushes is necessary to remove the resid 


al ink which slows up the process. . 
that any residual ink 

difficulty in 
Generally, little trouble was 
th protective oil removal. 


les reported 
ved caused subsequent spot-weld 
perations experienced 


Che average number of spot welds between tip clean 


vhich was obtained on different thickness« Alclad 
r the various oxide removers on different tvpes of 

hines are shown in Table 3. 

he average number of spot welds on Alclad 2487 


veen tip cleaning obtained by companies using the 
pe of machine on Oakite S4A, Kelite K 

sic acid, hydrofluoric acid and Oakite 30 are shown 
7 and 8. 


hvdro 


LADIES 


Table 5—Number Spot Welds Between Tip Cleaning on 
Alclad for Kelite K-1 


Metal Chick it 
\ many og O40 t 
G ) 
H 
i ot) } 
SL) 
Av Ay 


Table 6—Number Spot Welds Between Tip Cleaning on 
Alclad for Hydrofluosilic Acid 


i 


Table 7—Number Spot Welds Between Tip Cleaning o: 
Alclad for Hydrofluoric Acid 


limited 
we lds 


Due to the 
number of spot 


remove re ed for 
production use, ranged u m $.05 tor hydro 
fluosilic acid, hydrofluori ti 


Mallory No. 3 and Elkaloy A are th oa Seed 
used electrode materials a1 ire gene! y used either 
} 
| ITi¢ \ rul per or contour t mer } 
to maintain electrode shape 
The number of welds between tip ri ping Was very 
mitted and ranyt rom I 
etl COTM] rem 
el TT les If | | 
number col ‘ mi 
nachine setup betore 
\ | iT 1¢S Te 
inies requir t sp ré 
Strength ¢ ists 
Conclusior 
shy] ~ 
at SSIDIEC irve 
Chemical Uk 1 A 
nu Alloys t ' 
tor ti! Suriace ratiol or 
one oxide rem ris better ther The r 
IS iaCh iniort the 
oxide removers |! ( eragt 
qi & Wel ) { 
clean Phe Cy I 
Lie Vel | ‘ ele 
cl ing si ‘ ( siderabk riat 
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Same type ol t-wel mac ‘ ‘ 


Table 8—Number Spot Welds Between Tip Cleaning or 
Bare 24ST for Oakite 30 


\f 
‘i 


945 SPOT WELDING ALUMINUM ALLOYS 


Vletal 
M f ) 
Av f 
lata reported j ne survey, the at 
between tip cl ing tor other a 
P 
part < 
4 
Het 
Company » 020 20) 
I 
() 
R 25 
Av 
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(one co npany reported 20 S] ot welds between lip cle in 


ing on U.040 Alclad while another company using the 
same type of spot-weld machine and oxide remover r 


ported 900 spot welds In the ase Ol in ther oxide 
remover, one company ré porte d 70 spot welds on U.0OY 


Alclad while another company using the same typ: 


Ol 


spot-weld machine and oxide remover reported 500 spot 


welds between electrode cleani 9 Due to the m 
iriables involved, such as electrode shape, speed of 
machine, te mperature of tip coolant and rate of flow 


shear strength of spot, time delay between oxide remo\ 
und spot welding, and shear strength consistency, it is 
not possible to explain the great difference in the number 
of spot welds between 

ported when 


electrode cleaning which were ré 
using the same oxide remover. Unti 
variables which are involved are held constant, except 
the oxide removers, then it will be possible to evaluate 
the merits of one oxide remover as compared with another 
in so far as the number of spot welds which are obtained 
between electrode cleaning is concerned. 

Furthermore, there was considerable variation be- 
tween immersion times for the same thickness of Alclad, 
is practiced by the different reporting companies, when 
using the same oxide remover. This points out the fact 
that the process for the surface preparation of alumi 
num alloys is not standardized for any one oxide re- 
mover. 

For the surface preparation of aluminum alloys for 
spot welding, it is absolutely essential, regardless of the 
precleaners or oxide removers which are used, to exercis« 
complete control of all phases of the cleaning process 
from the time the parts are first immersed in the pre 
cleaners until the final rinse and dry after oxide removal 
if low uniform resistance for spot welding is to be ob- 
tained. When the proper equipment for the precleaners 
ind oxide removers has been installed, it is then neces 
sary to control the solution strength of the precleaners 


ind oxide remover, and also the cleaning procedure, as 


the aluminum alloy parts are passed through the various 
chemical solution and rinse water tanks. The following 
‘leaning procedure for Alclad is typical 

1. Heavily soiled parts are degreased in a trichlor 
ethylene Vapor degré iser (Omitted 1 parts ire not 


re avily soiled. 

2. Preclean lightly soiled parts in an alkaline alumi 
num cleaner until a chemically clean surface is obtained. 

3. Rinse in cold running water or warm water not to 
exceed 140° F 

4. Immerse in oxide remover for the specified time 
for the particular thickness 

5. Rinse in cold running water or warm water not t 
xceed 100° F 

6. Dry in air blast and assemble for spot welding 

From the results of this survey, it is further concluded 
that: 

1. Trichlorethylene degreasers are satisfactory for 
degreasing heavily soiled parts. 

2. The alkaline aluminum cleaners are apparently 
suitable for removing light oil and dust films but un- 
suitable for removing the identification ink markings 
used on some sheets. This is discussed further in the 
conclusions. 

3. Control of solution strength of the precleaner and 
oxide remover is best maintained by titration with a 
further check of the surface preparation by contact re- 
sistance measurements on test pieces: 

4. Daily checks of the solutions or as necessary to 
maintain the strength within the optimum operating 
range are essential. 


5. Automatic thermostat temperature control of the 
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precleaners and the oxide remover, 1f heated, with 
specified temperature range is necessary. 


6. Suitable timing devices adjacent to the tan] 
necessary so that various thicknesses are immer 
the correct length of time 

7. Competent operators are necessary 

S. Surface preparation is usually done on det 
ind then assembled for spot welding 

Che identification ink marking which is used o1 
Alclad is not satisfactorily removed by the alkalin 


umcleanersfor precleaning lightly soiled parts wit 
resort to scrubbing with fiber brushes or wiping 


1 AT ae 
arts with solvent. Nineteen companies reports 


culty in removing the ink 1n various types of precl 


Fourteen compames reported trouble, such as 
spot welding, over residual ink Cherefore, t 
need for an identification ink which can readily 


moved from the sheet by simple immersion and wit 


manual scrubbing or wiping 


Careful consideration must be given in the sel 
of the material and design of the tanks for th 
cleaner, oxide remover and rinse tanks if satisfa 
cleaning is to be obtained. The tank for the 


precleaner for lightly soiled parts may be made of 


black iron with closed iron steam coils located on th 


and a perforated iron pipe along one side 1n the bott 
for air agitation as required. In addition, this 
should have an overflow dam for skimming surfa 


cumulations and a botton 


1 drain for dumping. A 
matic temperature controlling devices should al 
provider 

Che rinse tanks for the precleaner and the oxi 
mover should be made of cypr« long-leaf yello 
wood suitably reinforced or of steel with a stainl 
lining or some rubber type lining to prevent 1 
This tank should also be provided with an overflov 
ind a drain line for removing the overflow. Thi 
should be several times larger than the inlet pip 
fresh water is to assure cle: vater for rinsin 

ll time [t is also good practice to provide 
forated pipe in the bottom and use air agitatio1 
rinsing Pertorated iter pipes along the top o 
tank which may be used for flu ig the parts whe 
drawn from the tank ilso “Ml practice Phe 


rinse tank for the precleaner and oxide should never 
used as this condition would result in contaminati 
the oxide remover due to drag over from the precl 
ind the balance and control of lution strength 
e remiover, so essential to good surface preparat 
would be destroyed. 

The material of the tank for the oxide remover sh 
be resistant to the solution which it is to hold. C 
or long-leaf yellow pine wood tanks suitably reint 
and without bottom drains are satistactory for oxic 
movers such as Oakite 84A, Kelite K-1, hydroflu 
acid, hydrofluosilic acid, Diversey DC-1, Oakite 30 
31W. Steel tanks with stainless clad lining are suit 
for nitric acid. Heating coils of carbor 


suitable for Oakite S4A and 31W, and also Diver! 


DC-1. Aluminum 2S or 3S coils are also suitable 
Oakite 84A. Lead coils and lead tank lining for O 
S4A and Kelite K-1 are not considered suitable a 
smut on the Alclad often occurs when using thes« 
terials Automatic thermostat control of the 
perature of the tanks for tho oxide removers w!] 


are heated is considered very important for optim 


results. 
Baskets for immersing the parts through the t 
shoul 


generally introduce undesirable electrical couple: 


d be made of 2S or 3S aluminum Other met 
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ISSIMILAR FERROUS BASE METAI 


Summary 
Carbon Steel to High-Alloy Ste 


irbon Steel to 12-14% Mn Stee! | Part I—Fundamentals 


irbon Steel to 1S ‘> and Higher Cr-Ni Ste ] 
irbon Steel to Tool Steel Metals Dissimilar in the Nature of Their Major 
w Alloy to Low-Alloy Constituent 
lding Wrought I »R 
ngs t ; Metal 
Vastin : ” n this case the properties of the joint are dependent 
primarily on the nature of the bor itse] [he bond 
iy be secured by the three fol 
Dissim R PERI I . 
| surface tension as in tinning, soldering or brazing (per 
Furn razing 1 
Wel ; haps with some alloying) and intergranular penetration 
lar 


Metals Dissimilar in the Nature of Their Alloying 
Part III—We.pinc Ferrous TO Nonrerrous Metal Elements 


CEL AND NICKEL ALLOYS I 
‘ n this category the bond 1s secured by means ol! c 
PER AND Copper ALLOYS 
hesive forces developed betweet1 toms of the 1 wr col 
stituent. The properties of the joint, however, are con 
Executive Secretary, Welding Research Coun . 
ak rey, Ma Institute of Technology ditioned by the interaction ol the elements 
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The interaction may be of a physical nature (dilution or 
pickup) or of a chemical nature (oxidation, intermetallic 
compounds 

Metallurgically it is desirable to avoid the formation of 
intermetallic compounds which are as a rule brittle and 
produce cracks in the joint. 
lent to reducing as much as possible the amount of 
mutual alloying. Several means are mentioned in the 
literature to achieve this aim; all of them tend to limit 
the rate and degree of diffusion 


This condition is equi\ 1 


Part II—Dissimilar Ferrous Metals 
Dissimilar Base and Weld Metal 


Generally, a combination of dissimilar base and weld 
metal has a tensile strength somewhat higher than the 
weakest component and a ductility lower than either. 
The fusion zone is generally richer in alloying elements 
than the poorer of the two metals joined, namely, the 
weld deposit and the base metal. If the base metal is 
richer in alloying elements there is some pickup in the 
fusion zone from it or conversely if the weld deposit is 
richer it gives up some of the alloying elements 


Ca hon Steel Welded with Austenitru Electrode 


Usually welds made with a 25 or 20 Cr-Nirod in carbon 
steels are superior in strength, ductility and toughness 
to the usual low-alloy steel rod and difficulties connected 
with dissimilar shrinkage are avoided as it has nearly the 
same coefficient of expansion as mild steel. The superi 
ority becomes quite appreciable with carbon contents 
above 0.30! 


Dilution.—Best results are obtained when the alloying 
content of the electrode is sufficiently high (25-12 or 
25-20 Cr-Ni) to prevent the formation of martensite by 
dilution or otherwise. Base metal having a carbon 
content above 1% facilitates this formation. A 13% 


Mn austenitic weld is susceptible to this formation and 
cracking. 


Welding Low-Alloy Steel 


A few specific examples are given in the main body ot 
the report of base metal welded with low-alloy steel rods. 
However, additional information is given in previously 
published reviews. 


Cr-Mo Steel 


Generally, preheating and postheating are recom 
mended with the use of a 25-20 or 19-9 Cr-Ni rod. 
However, if the carbon content is below 0.10 or the steel 
contains Ti, successful welds may be made with an 18-8 
Cr-N1i Cb rod. 


Welding Austenitic Mn Steel 


Succe ssful welds have been reported with the use ol! 
an Cr-Ni rod. 
Corrosion of Dissimilar We ld and Base Vetal 

This question was fully reported in the review on 
Corrosion Resistance of Welded Joints. The conclusion 
was that even large differences in composition between 
base ancl weld metal might not lead to adverse local 
effects 


Surfacing by Means of Dissimilar Metal 


An unusual example of the welding of dissimilar metals 
is found in “hard facing They may be 
divided roughly in four groups containing (1) less than 
20% alloys, (2) more than 20% alloys, (3) nonferrous 


applications. 
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loys, (4) tungsten carbides. In the first thre« 
is usually the essential wear-resistant ingredient 

Each group has certain characteristics which 
dictate the choice for any particular application. | 
bility and resistance to wear, impact, abrasion, e1 
heat or corrosion are some of the factors which gov: 
selection 

Inasmuch as this review 1s not intended to be 
on hard facing the weldability features only will b 
tioned. Usually the base material 1s selected 
of considerations of service However, it 1s nece: 
know its exact character and analysis The ch 
usually helps determine the welding or brazing 


to be used Other factors dependent in part 


metal are preheating 

vent cracking or warping, surface cleaning and 
f control of warpage 


base metal and dep sited 


ind shrinking. 
The advantages usually associated with hard 
are longer life, utilization of lower cost or better 


characteristics for the base metal, salvage of w 


ind operating efhiciency 
Dissimilar Ferrous Base Metals 
Thi Ca hon Steel to VJ ld ee 


Successful flash or butt welding of mild stee 
carbon steel 1 v be 


ing and posthneating 


iccomplished with suitabk 


technique 


Carbo } } O ( lo Slee 
used to provide re tance against corrosi 
temperature (45-30% Cr, Mo up to 5%, ( 
between a low C or 25-20 Cr-Ni1 electrode | 
is commonly used 1f anneal ifter welding 1s 
ible. The dilution caused by a base metal 
carbon steel deserves special attention 1f the joint 
with a high-Cr-iron electrod Due to diluti 
crease in C content the first layer of the deposit 
iS mat tic Furthermore, the migration of ‘| 
duces a band rich in C close to the fusion zone 
by a band of large ferritic grains in the heat-affecte 
Ol car teel to increase the britt] 

Resistance butt welding—no difficulti ire rt 
in butt welding plain carbor eels to Cr-Mo cor 
resi it steels 

( el to 12-14% Mn Stee Judging fro 
formation gathered up to 1938, it should be px 
weld ) , In steel to a mild steel by mean 
or higher Cr-Ni electrod 

18-8 Cr-i Higher Chromiu 
Steel Use of a 25-12 or 25-20 Cr-N1 rod 

ended either in are or gas welding 

Spot welding of carbon or low-alloy steel to 
| 


ve accomplished through the avoidance of a slug c 
ing a mixture of the two metals. Pulsation heati 


Carbon Steel to Tool Ste 


Che welding of plain carbon or low-alloy steel t 
steels by arc, gas or resistance welding 1s a regul 
cedure. The procedure is controlled by the proc 
ind by the type of tool. In general, tool steel 
prehe ited and annealed or very 


I slowly cooled after 


ins Sometimes quenching is necessary 
hardness. Brazing is commonly used to avoid the 
ing effects due to welding, but resistance flash we 


ilso seems effective. 
Low Alloy to Low-Alle 


he main body of the report contains some det 


Stee / 


the following combinations: Chromansil to Chrot 
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Molybdenum to Carbon-Chromiu molyb- Gas welding is cessfully use e br lip 
teel st ining t ( rie 
ht Iron to Rolled Steel u l D1 
elec lave bee! I 
essful welds can be made by all process tee] er Ti | 0 , 
Se P 17 carbon are welding of signal wi to high-carbon 1 
Steel Castiy f O Ferrous ; 

esstul applications of these combination re in Projection welding is al uccessfully ¢ ed to io} 
lin the report ra er 

ol wel g aluminum and tts all 
Welding Cast Iron to Ferrous Metals Sag 
1 bronze overlays is common practice in the railroad 
cial precautions are indicated in welding combi nd other industri 
nvolving cast iron and malleable iro 
Brazing Dissimilar Ferrous Metals Part I[V—Dissimilar Nonferrous Metals 
ellent physical characteristics of brazed joints ar ihe tollowing filler metals receive favorable mention 
ble The \ rious brazing processes iré particularly n welding copper deoxidized copper give much peter 
tageous when high temperatures due to welding results from a welding viewpoi 
have undesirable effects on one or both of th ; J | 1 1 +] 
Gas welding—-phosphor deoxidized copper witl ! 
ric furnace brazing possesses a still turther ad ( Pp 
1) I wi ind 
ge under certain conditions 1n that a neutral o1 licon br th 0.207. Ss 
con bronze with 0.3%, Si 
ng atmosphere may be provided as needed 
(one hundre per ee t wint ry 
vy etd taine the case of high copper | Cu Zn), 
nze welding is the most widely used method of Munz metal (60Cu —-40Zn) and N | br OY, Cu, 
¢ dissimilar metals Its main feature lies in that 0.75°, Sn, balance Zn) when using v silt yronze for 
lly no direct contact is established between the tv 7, Li ul hig] n bronze 
etals [his follows from the very definitio1 » iT DO! re weld 
roce whi | ] cle CT bed l I 
cl 1] We rea Line base I etals 1 é 
i then melt the fl ed end bi eC! | 

ted ire ( 1111 url the ef 
‘ ‘ ‘ resis ‘ 
the britt lt in ‘ 
the report es let T 
1 car e tool sh 
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e] ind freaue thy | 
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Metals Dissimilar in the Nature of Their Major 
Constituent 


In this case the properties of the joint are dependent 
primarily on the nature of the bond itself. The bond 
may be secured by the three following means: 


(a) Alloying—as a result of mutual diffusion of atoms 
with formation of solid solutions or intermetallic com- 
pounds; e.g., copper-aluminum, iron-aluminum™: 
and brazing.® 

(b) Capillarity or surface tension—as in tinning,” 
brazing: *? and various types of soldering.''* The role 
of capillarity is enhanced by a strict adherence to the 
clearance.'** The bond itself is believed to be of a 
rather superficial nature (adhesion).*' In other words 
the bond is visualized primarily in the nature of inter- 
atomic forces acting at the very interface. One may 
question whether this picture alone can explain satis- 
factorily the unusually high resistance of some joints 
which are much stronger than the solder itself.'”* #2 In 
fact, there is an indication that some alloying does occur 
in brazing and soldering, as time is an important fac- 
tor 42, 54 

(c) Intergranular penetration.—This factor was called 
for previously to explain successful welding of cast iron 
by means of Monel filler rod. It is now considered as 
being only of secondary importance.” Integranular 
penetration of soft solders, however, seems to play an 
important role in the phenomena of intergranular corro- 
sion under stress 


Metals Dissimilar in the Nature of Their Alloying 
Elements 


In this category the bond is secured by means of co- 
hesive forces developed between atoms of the major con- 
stituent. The properties of the joint, however, are 
conditioned by the interaction of the alloying elements. 
The interaction may be of a physical nature (dilution or 
pickup) or of a chemical nature (oxidation, intermetallic 
compounds). 


(a) The dilution and pickup are governed by the rate 
of diffusion of alloying elements during welding.” They 
are responsible for phase changes occurring as a result 
of rate of cooling, e.g., the formation of a martensitic 
layer in steels of dissimilar composition.®: %* 

(b) The influence of oxidation and intermetallic com- 
pounds has not been reported actually, yet much of the 
porosity found in the case of welding steels of different 
composition®™: is undoubtedly due to some kind of oxi- 


dation. The same is true for copper.'®?: 


Conditions for Obtaining Satisfactory Joint Between 
Two Dissimilar Metals 


Still much has to be done in order to ascertain the exact 
influence of factors which are enumerated in the litera 
ture, and it is not at all sure that all the factors involved 
have been properly accounted for. The following is a 
tentative statement of conditions based on the available 
information: 


l. Avoid the formation of intermetallic compounds 
which are as a rule brittle and produce cracks in the 
joint.®» This condition is equivalent to reducing 
as much as possible the amount of mutual alloying. 
Several means are mentioned in the literature to achieve 
this aim; all of them tend to limit the rate and degree of 
diffusion: 
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(a) in fusion welding—by confining the melt 
one of the metals only. This becomes, i: t 
a brazing operation with: 122. 109, 101, 107 
out!” intermediate filler metal actin 
solder. Ser 
(b) im resistance welding—by reducing the tin 
extent of preheating to a minimum (exai 
condenser discharge welding,® pulsating 
ing’’) or by avoiding the formation of a n 
slug either entirely’? or at least in on 
two metals,” One instance of interpo: 
of a third metal is also found (no detail 
Finally, a purely mechanical method is 
tioned of extruding all of the brittle inter 
metallic compound by merely pushing up th 
weld in the case of pressure resistance weld 
ing.'** 


> 


= 


2. Reduce the magnitude and/or rate of thermal and 


residual stresses produced by the dissimilarity of thermal Table 
coefficients. This is obtained either by selecting proper 
chemical composition of. both dissimilar metals,''* 
more securely by controlling the rate of heating 
cooling.!!”: .%.9 Tf neither of these means is appli 
then more allowance for free shrinkage may be the right 
solution,®® 

3. Compensate for difference in the thermal cor 
tivity, melting point and electric resistance when 
by means of resistance welding. To this end different D 
tip areas and shapes of electrodes are used on both 
of spot-welded sheets,'*: ® or in the case of resistance . 
butt welding, the two dissimilar metals are clamped at J 
unequal distance from the joint.'* 

t. However the most serious problem in connect 
with joining dissimilar metals appears to be the corr 
resistance of the joint. Statements to this effect U 
whether conclusive’® or inconclusive,** are onl 
specific nature. There is a need for a research t 
determine the general conditions for a satisfactorn teels 
between dissimilar metals from the point of view 
rosion, nsi 


Part II—Dissimilar Ferrous Metals Lipet 
Dissimilar Base and Weld Metal 


Since the major constituent in ferrous metals i ted 
same, namely, iron, the term “‘dissimilar’’ applies m 
to the alloying elements. Strictly speaking ther 
ways some difference in chemical composition betwv 
the base and weld metals. Therefore, the term 
similar’ will be used here with the understandin; 
the difference in the amount of alloying element ha 
produced intentionally. 


(a) Mild steel base metal welded with an all A 
rod. An extensive investigation was carried out 1 
direction by Zeyen.® Miuld steel specimens with 
tudinal butt welds made of different kind of rods 
tested in static and pulsating tension. For che: 
composition and mechanical characteristics of wel 
posits see Tables 1 and la. The results of tensik 
are reproduced in Table 2 which shows that as a wl 
combination of dissimilar metals has a tensile str 
approaching that of the weakest component, and d 
ity lower than either of them. Best results were 
with the electrode of Series O. Results in fatigue 
lyzed previously” also came out best with the ek 
of Series O. 


On the contrary, Schmitt™ reports that oxyacet 


and are welds made with low-carbon rods in a seri 
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Table 1—Composition of Weld Deposits. Zeyen® 
Weld 
Series Process Cc Si Mn P S Cu Ni Cr Mo N: O; H; 
\ 0.07 aa 0.33 0.022 0.028 0.15 0.03 0.01 : 0.019 0.051 0.0006 
| yas 0.08 0.08 0.35 0.022 ).030 0.14 0.08 0.02 0.017 0.049 0.0005 
4 > welding 0.13 0.12 0.55 0.020 0.028 0.12 0.04 0.01 0.017 0.025 0.0003 
D | 0.20 0.33 0.56 0.010 0.013 0.12 0.13 0.64 0.20 0.014 0.026 0.0004 
E } | 0.14 0.68 0.71 0.014 0.018 0.09 19.5 25.3 0.028 0.038 0.0023 
1 I 0.03 0.02 0.20 0.028 0.030 0.15 0.06 0.140 0.210 0.0002 
‘ G 0.04 0.02 0.20 0.026 0.029 0.10 0.09 0.120 0.180 0.0003 
a J 0.12 0.06 0.44 0.018 0.020 0.09 0.08 0.01 0.100 0.09 0.0003 
# Arc 0.06 0.20 0.029 0.024 0.13 0.07 ; 0.052 0.13 0.0009 
O welding 0.10 0.06 0.55 0.023 0.016 0.11 0.19 0.01 0.49 0.025 0 09 0.0005 
eT Q 0.11 0.56 0.68 0.017 0.015 0.11 0.07 0.03 0.015 0.094 0.0018 
I 0.19 0.67 6.10? 0.017 0.018 0.11 7.5 18.5 0.089 0.021 0.0010 
. U 0.13 0.71 1.84 0.019 0.017 0.08 18.7 22.9 0 068 0.042 0.0008 
the weld is poorer in alloying element than the 
Table la—Mechanical Characteristics of Weld Deposit. li the weld ts 
er Zeyen base metal, then the former will be enriched, especially 
at the fusi zone. 
Elonga- Kgm./Sq. Cm. 2. Conversely, the weld will cede a part of its alloying 
Tensile Vield tion, % D.V.M.R., element to the poorer base metal. 
ht Weld — 7” a) Nog __ Test 3. In case of difference in concentration the diffusiv- 
Series Process Ya = somgr Spec ity is an important factor: it is greater with Cu and Ni 
A (56,000 38,200 25.5 12.0 than with C 
B Gas |56,500 38,500 23.5 12 2 han with Cr, 
fe Welding {64,000 36,000 23.3 13.8 t. The heterogeneity of a particular addition depends 
D | 86,000 11.2 10.6 on the tendency of its oxide to dissociate. The greater 
178,000 35.9 1 this tendency, the less the heterogeneity The hetero- 
é G 167.500  42'200 112 19 geneity increases with the following elements: C, Si, 
J 168,000 49,000 15.0 5.4 Mn, P and Si. 
Arc } 61,200 50,000 25.0 9.3 
Welding | 74,500 56,000 31 9 14.2 Carbon els We lded Au vue 
Q 174,000 58,500 25.7 10.3 
7 199,000 59,300 47.4 18.8 Extensive tests were carried out by Zeyen*®! to demon- 
8 15.9 1 1 


U (88,500 52,000 44 


strate that welds made with a high-Ni high-Cr austenitic 
= electrode, presumably 25 Cr 20 Ni, were superior to welds 
made with an ordinary nonalloyed electrode, Table 3. 
\dditional information on the use of this type of elec- 


teels up to 1.25% C had a tensile strength of 45,000 psi. 


regardless of the composition of base metal and despite 


trodes for welding plain carbon and low-alloy steel is 
cal weld, 4 ¢ kp! ination supplied by Beckman of Krupp Af Che not wing. so- 
called Izett steel containing 0.25 C, 0.5 Mn, 0.05 Si, 
tion between base and weld metal was carried out by 


7 - trace of metallic aluminum, is welded with an austenitic 
Lipetzki and Trudler. 


5 ; : , electrode of the following compositi 
The heterogeneity in alloy element between base metal 
irc weld de posit was studied by means of chemical 
lysis of layers taken from base metal near the weld 
weld proper. The following elements were investi- 
ted: C, Mn, Si, P and S. Several structural steels . AOR 4 
were investigated. The results were as follows 
Table 2—Tensile Tests on Specimens with Longitudinal Welds. Zeyen 
Yield Point, Tensile \ | 
eT Weld Process and Rod Psi Psi | 
\ ) 
OOO 
39,600 ) 
+7 ( } 
Arc welding 48,000 65,000 26 f 
19 500 f 192 
Base etal 
ross section: 1.57 x 0.47 
butt weld with 60° opening—troot of weld machined 
longation corresponding to that of 5 diam 
RY Q 
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Table 3—Arc Welds Made with Austenitic and Unalloyed Electrodes on Plain C Steel Plates 


ba 
Angl LT 
Be 
I 
~~ 
) 
‘ ; 
} 
\ro 1a mandrel Z wk 
+ 


Much of the troubles connect 
shrinkage (see reference 59) is avoi 
trode, as it has nearly th 
sion as mild steel, but its modulus 
21.4 to 22.8 XK 10° psi. is compared 
muld steel. The effect of this diff 
stresses and stress concentration is 1 
according to Hodge 
Dilution. To obtain best 
the austenite remains stable 
tensite as a result of dilution, 
That is why 25-12 or 25-20 Cr-Ni « 
ible to 
The existence of a thin laver 
disclosed by Aborn and Offenhauer 
thin, about 0.002 in. in thickness, 
physical 


Same ¢ 


results 
ind doe 


icc) 


roperties of the weld if tl 


the base metal is less than |‘ iccording to Rapatz anc 
Hummitzsch.*» Intergranular penetration of the 
austenitic weld metal occurred in the higher carbon steel 
relatively low melting point) but not in the low-carbon 
steel The austenite that penetrated the grain bounda 
ries became martensitic only just at the point contact 
betwee! the weld metal ind met 

Spe iking of penetration ol austenite int uld steel, 
the microstructure between Mn auste ic weld and 
mild steel base metal has ittracte some ttentiol 
Rapatz and Hummitzsch’* found that thi rtensiti 
transition zone was wide and brittl uch wider than in 
the case of a nickel austenite deposit (0.1 ( 28 N 
fe This was said to be due to th re ranid diffusion 
of ma ese in mild steel. On the other han 
nese austenite has a higher coefficient of thermal expansion 
than nickel austenite, hence re si { 1 

Phi rtensitic tt it er betwee 
deposit and mild steel also v served by Port n 
Séfériat No mart it und in th N 
weld 

'1CRU In line witl e al col rati hi 
pl f pickup of carl thi 1 iti 
the etal 1 th rse dil 

lemet in wel ry t tal 
studi by ‘J ind Ostr che’ 
deposit 1 mild steel ly ze r chi 
accou dilutio1 31m Cr-N 
m in layers on a C-Me te lyz 
( o account for pickup 

When plot a semilogar iph, Ft |, th 
results fall raight line Thus, the influence the 


2 Cc rb con 


\ 

i 

ed with dissimilar 
ded with this elec 
oefficient of expan 


elasticity is only 
to 50 X 10° psi. for 
rence on shrinkage 
ncompletely known, 


Oot 


it is essential that 
s not revert to mar 
rding to Emer 
lectrodes are prefer- 


irtensite was actually 


he laver is very 


but does not impair the 


in. Thick 


\ irpy 
gt of Imipa 
T) | 1) kK 
lS 
62 Sy, 
1S 
~ 
» 4 
t 
79.8 Q 
74 >. 1 \ 
f 
mClal Gecreases a Progressi 
distance from the base metal increases in an arit 
progression The most interesti feature of tl 
erain is its extension below the surtace of the base 
negative lun f height Unfortunately, ther 
clear indication whether this extension is due t 
s10n and from the base metal, or to t] 
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first layer. 
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Welding Low-Alloy Steels 
Cr Steel, Pickup Haardt™ deposited bar 
covered low-carbon electrodes in one or two laver 
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Table 4—Analysis of Base Metal and Deposited Weld. Wyche 
M C1 N Mi 
Base eta 0 05 
Mo-Ct 0.0 Q 
( Mo wel 
18-8 Cb weld 0.05 ).42 ). 4] +) , 
| containing 0.1 C, 0.4 Mn, 0.2 Si, 3.5 Cr, but was un results may be su iTiZze »\ t I 
) determine the pickup because of porosity and slag the available informat vel ed 
ns. Apparently, there was little diffusion. electrodes may contain about ‘ nd 
Wn Steel—Haardt® studied the diffusion of Mn 2% Ni with covered electrod Ni 
. plate of 0.1 C, 0.2 Si, 3.5 Mn into a weld bead de steel 
ted with bare and covered electrodes (Mn content J C7 | Slee | 
in both cases) without being able to secure re with a 19-9 or 25-20 Cr-Ni « tt] 
results. Little pickup was observed by Hall’* in  heat-affected area, if no prehe i 
its in. thick made of bare wire on a plate contain The weld itself, however, ( + 
iY, Mn. to Thomas,” and withstands ben () ut 
Vo Steel—Coombs® determined the pickup of Mo cracking, Fig. 2 Phe tensile I 
unalloyed deposit (0.13 to 0.18 C) « 9-in. plate bly with that of the base met 
ining 0.15 C, 0.78 Mn, 0.17 Si, 0.48 Mo by means - steels witl 9-20 Cr-Ni el ( 
pectrograph. ‘There was a gradual decrease of Mo wherever preheat or eall bl 
tent in the deposit one progressed from the first to an illustration, the successful b ha i 
top (fourth) layer (from 0.28 Mo to 0.10 M« reported in an oil refining piping ter $ I e, 
There was no evidence of diffusion though. In contrast wher other we failed withi B 
Coombs’s results, Blasko, Smart an Decker te « municati ( 
that there was no Mo in the weld metal in multi Philadelphia, Pa.) recommends thi O Cr 
butt wel in C-Mo piping made with unalloye rather than 1S-S Cr-Ni bes é I 
red electrod ue to ct H 
Sit Slee Che pickup of Si by metal deposited in thick butt welded wit SS « ed t 
r tw “ with low-carbon unalloyed electrod cI in the so-calle test 
late cor 1 0.1 C, 0.4 Mn, 3.85 Si v 0. 0.7 Cottre 1 Roll () ‘ ] 
Si with bare electrode at 175 U al er 
ely, rding to Haardt In two layers, the \] ] ( 
electrode deposit picked up 0.2°% Si at ) amp electrode r 25-20 ( 1 electrode | 
with a ered electrode a single bea pr ed 1 teel contain {) ( 6 Cy {) ] 
Si Columnar diffusion crystals wer bserved at Che temnperi OO? f 
] junction ep with base metal hat the heat-affecte t he 
] Ni Stee Phe pickup of Ni by a weld metal which tensile strength the wel 
Ni, has bee lyzed previously in detail The gives bend angl f 180° (no det 
Phe 
I \\ 
A TLE, JUNCTION HARDNESS! Mo-Ti steel et 
is shown in 1 the re 
| 
NL ( wel ) 
ontait 
errit | 
brittle 
Fig H € Survey { Welds in 4-€ *r-Mo Ste Thoma 1 
RY 
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HARDNESS VALUES TAKEN IN AS-WELDED CONDITION 


WELD WELD 


16-8 ELECTRODE 


| 25-12 ELECTRODE 25-12 ELECTRODE 8-8 ELECTRODE 
27% Cr BASE METAL 17% Cr BASE METAL 4 


> WELDS} 


BEARING 


ELECTRODE 4-6 % CP ELECTRODE 27% Cr 
| ELECTRODE 


ft 
Oo 


VICKERS HARDNESS 


~4 


INOTE PREHEATED/700°F 
200 ANNEALED 


(7 % Cr ELECTRODE 
25-i2 BASE METAL 


sor 
12°%Cr BASE METAL \ 


stance between readings enlarged 5 ¥ 


Fig. 3 Hardness Tests of High-Alloy Stainless Steels. Emerson‘ 


17% Cr-0.08% C and 27% Cr -0.138% C steels can According to Crawford and Carr** as early as 
be successfully welded with Cr-Ni electrodes, 18-8 or seat rings of both gate and globe valves were weld 
25-12, according to Emerson, see Tables 5 and 6 and valve bodies in order to eliminate leakage due to 
Fig. 3. Nevertheless he does not recommend this type _ thread fit, caused by difference in coefficient of expa 
of welding under conditions of alternative heating and of body and seat material. The seat was of carbo 
cooling, as failures may result from the difference of the 
thermal expansion and contraction of the two materials. 


} 


a 
Welding Austenitic Mn Steel Table S—Tensile Tests. Emerson 
Mild steel inserts were recommended by a railway ' Strength 
“ No Parent Metal Electtode Ps Remar) 
ep holes when surfacing frogs made of 
periodical” to fill deep: 10les surfacing frogs made Se 
i4% Mn. This practice has been condemned by Winton , low carbon »,000 ractured in pa 
(private communication, June 1938) who has observed ,in.low carbon 18-8 45,000 Fr lin pe 
. wey 3 s-in. 25-12 LOW »0 3 coa r\ 
failures in the vicinity of the inserts. On the other hand, ' een - es 
18-8 Cr-Ni steel electrode has been used often success- 28-12 
min, ow carbon 6,000 ery coarse crystallir 
fully to weld 14% Mn stee 1.6 ture directly thro 
ter of weld 
Corrosion of Dissimilar Weld and Base Metal vin. 279 Gr 25-12 75.400 Fractured in bas 
/e-in. 27% Cr 18-8 76,1 Fractured in par 
This question was fully reported in the review on 1/~in, 27% Cr 18-8 75. Fractured in pat 
6 n. 17% C 25-12 ) ractured it ar 
Corrosion Resistance of Welded Joints.’ Che conclu- im. 17% Cr 
sion was that even large differences in composition be- vin. 17% Cr 18-8 77,800 Fractured throu 
top bead an 
tween base and weld metal might not lead to adverse of fusion 
wre 17% Cr N test 
local effects Ihe most striking example was offered by 8 vin. 12% Cr 18-8 C.B 62.200 Fractured laid 
the behavior of a non-aging mild steel welded with hy oh a 18-8 ¢ ured ir 
4-1 6% 20K racture 1 pa 
Ni-Cr electrode. Despite the presence of a nobler weld ein. 12% Cr 46% Cr 54,600 Fractured ; 
metal, the base metal corroded uniformly when im «in 279% Gr 85,000 Fractured throus 
mersed in sea water, and the rate of corrosion was the sae extren 
ne thr hout 
same as for the unwelded base metal. 11 3/4-in, 18-8 17% Cr 67,200 Fracture through t 
of weld and 
oy '/q-in. 18-8 17% © 67.800 Fracture occurred f 
Surfacing by Means of Dissimilar Metals 
The coating of surfaces by means of an appropriate 32 |/rim 25-12 27% ¢ 92,800 Fractured in parent n 
'/e-in. 25-12 27% 93,000 F tured arent 
weld deposit has known a tremendous development dur 13 «in. 25-12 i7% € 88700 Fractured through 
ing Ce nt years. he pul P ‘ it ing 1S ] I ide 1/q-in. 25-12 17% Cr 82.800 weld) appeared ver 
an increased protection against either corrosion and/or tle while root of w: 
reared very ductile 
wear and abrasion. Both arc and gas welding are used, Saal aia $00 
although in many cases gas torch is preferable owing to compe Sracture 


its ability to control better the rate of heating and cooling. 
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[wo main problems in surtacing ar surface 
Table 6—Free-Bend Tests. Emerson"? P : 
hardness and (2) thermal expansion characteristics 
% Elonga- 
Welded l. The efficiency of building a hard surface depends 
Parent Metal Electrode Face Remarks on how much alloy ing there 1s between base metal and 
Low carbon 25-12 15.0 180° bend, difficult to get uni- 1 
form ending (act mazi- hard surface layer. With gas torch there is likely to be 
mum elongation of weld ss allovine and more irdy than 
13.0 108” bend. te act le Ss all and more uniform hardne han with ar 
form bending weid., 
9 Low carbon 18-8 6.5 180° bend, non-uniform bend- 
ing through and adjacent 2. Thermal expansion characteristx While the 
4 thermal expansion of Cr-Co-W alloy is not very mu h 
4 ing through and adjacent to different from that of low-alloy steel, it does not undergo 
) 12 Low carbon 00 A bend of 60° was obtained allotropi change as aoes low ill V steel ul on que nching 
= followed by failure through ‘7 
weld. The 60° bend task UCh a change will set up tension upon cooling in the 
place in porent metal ad brittle surface layer, hence cracking. An austenitic 
| 25-12 Low carbon 00 A bend of 25° was obtained alloy steel is free of this defect, but has different thermal 
weld, The 25° bend took  €Xpansion coefficient; therefore residual stresses are 
place in parent metal ad built up and down in service with rise and fall of tempera 
27% Cr 25-12 18.5 180° bend, appearance good ture, and a fatigue failure may develop. The remedy is 
ice of bend typi 
- hide to use low-alloy steel with preheating so that it would nct 
27% Cr 25-12 19.0 180” bend appearance good quench on being Wwe Ide d. 
appearance of bend typ ‘ 
-{ 27% Cr 18-8 17.0 180° bend, appearance and A similar problem has been studied by Seabloo: in 
27% Cr 18-8 16.0 180° bend, appearance and COmnection with valves used for high-pressure and high- 
| ductility good emner ‘e Niping 1500 nsi. at GAO nd subis 
17% Ce Weld but crackea MPerature piping (1500 psi. at 950° I ind subjected 
in heat-affected zone to erosion, corrosion and abrasion. 
1% Cr 25-12 16.5 Weld satisfactory but cracked , ‘ = 
“4 in heat-affected zone The most suitable metal for wear is a chromium- 
— 7 = W% 18-8 20.9 Weld satisfactory but cracked = (obalt-tungsten alloy and it is deposited on the seats by 
for annealing 17% Cr plate means of a torch. Carbon-M cast ste r 4-0, Ur 
= 7% Cr 18-8 17.0 Weld satisfactory but cracked ‘/¢ Mo illoy cast steel is used as base metal and the 
in heat-affected zone. Need surfacing made on a preheated base metal The flame 
for annealing 17% Cr plate : 5 I : 4 
of after welding brings the area to a sweating temperaturt the alloyin 
12% Cr 18-8 C.B 10.5 180” bend, appearanc« at 1 1 
= factory rod is allowed to melt and spread ver the sweating sur- 
face. Two layers are superimposed to obtain the de 
12% Cr $-6% Cr 14.0 180 bend, appearance sat sired thickness of !/. to ein. In spite f the strong 
actory ductility appears ‘ 
OK bond which develops between deposit and base met 
2 6.0 R0° bend ppearance t 4 1 4 17 4 
the demarcation line 1s sharp and practically no inte: 
a : a mixture takes place. The rate of cooling is very impor 
27 Cr 6.5 1RO° ber 
8-8 279% Cr 65 180° 1 tant, as allotropic expansion of the base ikely t 
| Cr 3 Ik } 
RR 17 Cr f 18 crack the uriace ] Ve! Viore rts | 
2 25-12 27 r 16.5 180° bend ppeara " been made that wav RN mn [he ize « lure eat 
ta 
2 2 7% ¢ 15.0 18 id, appeara iried iron , tO 1S1 diameter 
2 Cr 95 a | ' rhe use of hard alloys appropriated to the base metal 
face of weld ind suitable technique of welding is emphasized by 
of weld duct ‘ onus . . 
25-12 7 5 Fractured through weld f Gallaher no details Another important yplicatiu 
tac britt tr t ‘ 
of ‘“‘heterogeneous’’ surtacing 1s hard of fishtail 
bits and blades for the oil industr' Chis 1s pointed out 
by Greger®* and treated in detail by Shapiro.* Worn 


out as well as new bits now are being treated 1n this way 
ind in both cases the cost represents less than 2( ol 


IS-S, 26-12 Ni-Cr, or straight 139, Cr steel. The the price of the new tool, according to Greget 


ring surface was hardened by arc surfacing with Cr, When worn-out tips are to be reclaimed, the edge of the 
Bo or W, but alloys called Co-Cr-Tin No. 1, or Ni-Cr tool is first trimmed with a cutting torch and conditioned 
Boron No. 6, also were employed. for a weld deposit.” The blade 1s then brought to a dull 
Numerous examples of reclaiming worn articles by red heat, approximately 1300° F., by means of 
rd tacing are given by F. G. Jones!" (turbine type icetylene torch 1 rder to prevent heat checks \ 
ps, automobile fender dies, hammer mill hammers, copper template is then fastened to the trimmed edg 
ind inserts of a hard alloy, mostly cast tungste: rbides, 
e more widely used materials for valves are givenin positioned on the template. The edge of the blade is 
ble 7. The material is forged or cast." built out to its original shape using O to 0 rod 
(he problem of hard surfacing must be thoroughly which is most suitable for approxi g the | cal 
ied. Extensive use of cobalt-chromium-W com- characteristics of base metal. Before welding the inset 
need about 1930. Seating material must withstand to the rebuilt edge, they are first lightly covered with 
ion at high temperature due to high velocity of pass- weld deposit, which is then applied until the top and 
fluid or foreign particles that may be entrained. The bottom faces of the blade reach the original level 
tance to erosion is not equivalent to hardness. For New fishtail bits and blades are surface hardened by a 
ple, sintered W carbide bounded with Ni is eroded similar procedure. The blade is properly preheated to a 
tream jets in spite of hardness. The seating ma- dull red, and the spot desired for setting the insert is 
rial must possess high polishing quality for tightness. heated by an oxyacetylene torch until it melts. Witl 
difference in properties of the base metal and the out letting the spot cool, the insert is then heated and 
widely used alloy for surfacing, 55% Co, 27 to 33° submerged to the desired depth into the molten pool of 


to 6% W, is shown in Table 8. The shift of frac metal After all inserts have been thu placed, the 
trom weld to base metal at higher temperature is torch is removed and the pool is allowed t lidi 
ucteristic. Following this 
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Table 7—The More Widely Used Valve Materials. Jones'! 
A. 5. T. M Analysis (Maximum Unless Range Given) 
Material Specification C Mn -_ Si Cr Ni Mo 
Carbon A 216-39T WCB 0.35 0.70 0.05 0.06 0.50 
Steel A 105-36 0.35 0.40—0.80 0.05 0.05 
Carbon 
Molybdenum A 217-39T WC 0.30 0.70 005 0.06 0.50 0.40-0 & 
Steel A 182-39 Fl 0.35 0.30-0.80 0.04 0.05 0.20-—0.50 0.40-0 6 
Chromium 
Nickel A 217-39T WC4 0.20-0.30 0.40-0.70 0.05 0.06 0.25-0.55 0.40-0.70 0.75-1.05 0.30-0.4 
Molybdenum A 182-39 F4 0.35-0.45 0.50-0.80 0.04 0.05 0.50-0.80 1.50-2.00 0.30-0 4 
59 
Chromium A 157-39 C5 0.15-0.35 1.00 0.05 0.06 0.20-1.50 4.00-6.50 0.40-0 ¢ 
Steel A 182-39 F5 0.15-0.25 0.30-0 50 0.03 0.03 0 50 4.0-4.0 0.454) 6 
13% 
Chromium A 157-39 C6 0.15 0.75 0.05 0.05 1.00 11.5-13.5 0.80 0.50 
Steel A 182-39 F6 0.12 , 50 0.03 0.03 0 50 11.5-13.5 
18-8 Cr-Ni Steel A 157-39 C9 15 1.00 0.05 0.05 2.00 18.00 Min. 8.00 Min. 
A 182-39 FS 0.07 0.50 0.03 0.03 0.20-0 40 17 0-20.0 7.00-10.00 
Physical Properties Minimum 
A.S. T. M Tensile Yield Reduction Valve 
Material Specification Strength Point Elongation of Area Use 
Carbon Steel A 216-39T WCB 70,000 36,000 22.0 35.0 Bodies 
A 105-36 70,000 36,000 92.0 30.0 
Carbon Molybdenum A 217-39T WCl 70,000 £5,000 22.0 35.0 Bodies 
Steel : A 182-39 Fl 70,000 45,000 25.0 35.0 
Chromium Nickel A 217-39T WC4 80,000 55,000 20.0 35. Bodies 
Molybdenum A 182-39 F4 90,000 70,000 18.0 50.0 
5% Chromium Steel A 157-39 C5 100,000 65,000 18.0 1.0 Bodies 
A 182-39 F5 90,000 65,000 29 () 50.0 
13% Chromium Steel A 157-39 Cb 85,000 55,000 20.0 40.0 Bodies 
4 18 ) F6 85,000 55,000 25.0 60.0 Part 
18-8 Cr-Ni Steel A 157-39 ‘eo 70,000 1 000 35.0 4 Bodies and 
A 182-39 F8 75,000 000 45.0 Parts 
carbides Most of the surfacing is done by a flame ; 
urbid Table 8—Physical Tests of Cobalt, Chromium, Tungster 
torch, but some opt rators also resort to are welding. Alloy Deposits. dones* 
Although high-speed tips are mostly brazed to tools 
(see relerence 51), yet Samoyloff and Lebediev advocate ¥ ses 
surfacing by means of an appropriate weld deposit (no i onan dbs 
details) on the basis that the latter stands a better service Solid Bars Forged Ws Forged '/.% M 
than brazing, when properly treated. The treatment rype of Deposited Mo nun steel Bars Joi 
rest Bar by Torch Steel by Deposi 
consists of five steps: 
re l ile 
1. The tool with the high-speed steel deposit is Psi 51,000 psi 900 psi 
‘ OU) SU DUO 44,900 ture t jur 
heated to 1100° C. (2012° F.) and the tip ham- 
p 
mered to destroy the network of Ledeburite. 
2. Slow cooling. The hardness at this stage comes Fatigue Limit 
out to be 54 R In case of milling cutters the 70° F. 35,000 psi 5,000 to 40,000 1 
cooling must be finished by an isothermal 1000° ] ee ture in depe 
annealing (no details) to bring the hardness cae Rayer 
down to 35-48 R., at which condition the de- 
posit can be machined to the desired shape. 
3. The third step consists of heating which is done 


slowly up to 850° C. (1560° F.) and more rapidly 
up to 1300° C. (2570° F.), before final quench 
ing. 

4. Quenching in oil at 200-250 C. (390-482” F.), of 
in lead at 400—500° C. (750—-930" F.) for a more 
complicated shape, with hardness raising up to 
14 R 


Aging at 560° C. (1040° F.) whereupon the hard 
ness reaches 61—63 R., and the structure of the 
deposit becomes that of medium sized marten 
sitic needles and network of carbides 


A rather unusual process ol making composites of dis 
similar metals is described by Kinkead.® ‘The process 
is, in fact, a true metallurgical operation by means of 
which the surface of metals is clad with a protecting 
layer of desired composition. Unlike the usual suriacing, 
no rod isemployed. Instead the surface is covered with 
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i ferroalloy in powder form and a molten 
1 maintained by 1 of carbon ar 

\n admixture ol 
Irom running oy 
or ingots which are maintained at 
. ng them in the furnace. For 
surfacing the top of the furnace is rem 
face-clad slab may then be rolled down to 


neans 


vents 
slabs 


by 


et. 


KCCp 


The advantage of this operation is the low cost 


materials and the fact that it is applied at 
of sheet manufacturing. The maintenar 
pool assures, according to the author, fr 
fects and hence 100% cohesion between 
base metal. An estimate is mad 
of making an alloy on the 
mately 15 cents per pound 
1939 
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Dissimilar Ferrous Base Metals tes the strength thi ley I thi 
fait th ee] 1 
( Slee lo J 
Hud ittache: te 
thicl » > yin. containing O.SO Mri 
to a bar of low-carbon steel (0.2 | 19 Mi - 
: in. by means of pi ert 
I lled aT The | \ 4 
In, 0.04 I] pr t the « 
roperly elder 00) ‘ 
sure on each pi Set each 1 we vit 
} 168 lb lirect t Furthe I there 
| ‘ the t he el 
evidence of burning or formation ot ensite 7 
Veldv Successiul weldin teel t teel of 
rbon itent may be accomplishe eal 
elding the fit we] met 
Welch,® the use ilow rbon, rode 
re seems to be no reason for joining carbon steel t is recommended. It ] been { ra 
llov steel, at least no reference could be found in the tive] trons weld between mat e st t 
ture. On the other hand, there scarce] n be ex rail steel can be secured bv 1 ( 
iny difficulty in performing such a joint, should nickel steel is first laid against the haz ter the 
be any need for it, according to the available in nare ining between this first 
ion nese steel part en filled in w ese ster 
elect ‘ 
lligh-A 
Chromium or Cr-Mo Steel This inat i 
ently us for 1 ium econom\ | chi Phe great cde 
er eration 1s usually a corros! re tant 1 
ed either t chemical corrosion « t eelb 
eratul tior Wher1 ining carb ( 
teel t high-Cr steel (3-30 Cr. M Ip t 1 eve 
e cl e lie etween a variety of elect I ' 
rpbon t Cr-N1 electr \s Cl ent 
ection milar Base and Weld Metal, the wel $-8 steel to gal 
later I velding Phe use 1 I rach re likel eve 
m Cal of the complet Le Lure 
his consists of heating slightly above the critical teel and stainless 1S—S Cr-Nisteel 1s | ’ 
3 ind cooling at a rate smaller than 25° F. per hour ind become brittle (martensiti 
st until the temperature has been brought below be corrected by usin, velding 1 
F. high in allov content that tl 
i Tie dilution caused by i base metal of ordinan iti lespite thie lilution caused b I tee] ) 
on steel deserves special attention 1 the jornt metal 
de with a high Cr-iron electrode. Due to dilution The most widely used mater is either | 
increase 1n carbon content the first laver of the de Ct Ni) or Type 310 XT ON 
is a rule, 1s martensitic Furthermore, the migra While this statement 1s 1 e 1 the rete 
f carbon produces a band rich in carbon close t enc on this subject, Fi { to | ‘ 
sion zone followed by a band of large ferritic grains developed at lequate coating whicl el é 
the heat-affected area of carbon steel. Chis naturall low-carbon rod, make not 
ses the brittleness lime and temperature ol but in addition produce weld metal wl land 
ealing are important factors in this respect f good physical properts Che cot the 
in the other hand, resistance welding seems to offer n coating 1s as follov 
r difficulty Hougardy* reports results of tests , 
on bars of Cr-Mo corrosion-resistant steel Cal = 
00 to 127,000 psi. 1.17 in. in diameter joined by Vatu 
of resistance welding to a carbon steel of 100,000 Fer ca : 
| 1,000 psi. (composition not stated in either 
welded piece was forged to a flat bar 1 > , in Ferromanganest , 


section and twisted The joint remained intact With an addition of 5°, pot 
ile specimen machined of a similar bar broke out welding 1s also possibl 
the joint. 


: 4 +4 } 


n Steel to 12-14% Mn Steel teel base metal bv mi I 
in thi le teel | 
ging from the information gathered up to 1958,° 81° alco w 
uld be possible to weld 12-14% Mn steel toa mild 
by means of 18-S or higher Cr-Ni electrode \ eet aa 


letailed and, as a matter of fact, the only positive 
lation on this subject has been found in the Wel Tensile strength 9 to S5,000 
Handbook 1942. It reads as follows When 
inese steel is to be welded to carbon or low-alloy 
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Fig. 4—-Shear Test Specimen 
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Fig. 5—-U-Tensile Test Specimen 


Figs. 4-7—Shear and U-Tensile Tests on Spot-Welded Sheets of Cor-Ten and Stainless Steel. 
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Unger, Mati: 


and Knocke!: 


Lacking information on the characteristics of the actual 
weld, the above results cannot be taken as a sufficient 
proof of the ductility of the welded joint. 

Oxyacetylene welding of stainless to mild steel is con- 
sidered as successful as arc welding. In the earlier re- 
view of literature on this subject’ there is, however, a 
difference in opinion as to the nature of the rod to be 
employed: whether mild steel or 18-8 Cr-Nirod. More 
recently the opinion seems to prevail in favor of the high 
Cr-Ni rods, 25-12 or 25-20, for the reason given pre- 
viously in connection with are welding." 

The same reason remains valid in spot welding accord- 
ing to Unger, Matis and Knocke.'* By spot welding 
ll-gage (0.125 in.) sheet of Cor-Ten steel to a 14-gage 
(0.0766 in.) sheet of 18-8 Cr-Ni steel a brittle martensitic 
alloy with cracks was obtained, when the heat was applied 
to such an extent as to actually form a molten slug consist- 
ing of a mixture of the two metals. However, when ac 
tual melting was prevented by means of pulsating heating 
a satisfactory bond was developed. This was shown 
by means of shear and U-tensile specimens, Figs. 4 and 
5, tested to destruction. While no appreciable differ- 
ence is noted in the shearing test, Fig. 6, the U-tensile 
specimens made without melting show better resistance. 
Ihe ratio of the latter to the former resistance, termed 
as ductility index, is shown in Fig. 7. 

The nature of bond produced in,spot welding without 
melting is shown in Fig. 8. There ts no sign of overheat 
ing on either side of the joint. 

A practical application of welding dissimilar metals 
consisting of a mild steel and a nonmagnetic steel (no 
details) was developed by the British Thomson-Houston 
Co. Ltd. in switch gear manufacture.” When welding 
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these unlike metals the tendency for cracking is 
ciably increased because of the unequal rate of cont 
fre 


tion. Hence, provision must be made for mort 
traction. 
The general operational procedure followed in 


matter may be described as follows (1) In butt ] 
advantage is taken of the smaller contraction of simil 
metals by coating the mild steel with as thick a dep 


Fig. 8 
Acid. 


100 
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Nital Etch Plus Electrolytic Etch in Chromic 
(Bottom) Stainless. Unger, Matis and 
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Conductor range close to in., then they are butt welded as shown 
in Fig. 14. The whole composite die is then quenched 
Magnetic FIG. 9 at 1450” F. in water; this treatment raises the hardness 


><, Le “\, of the rim up to some 62 R., while leaving the shoe in a 
~ machinable state for drilling holes, mounting operation, 


Ca, etc. The author summarizes as follows the advantages 
of fabricating composite punch d dies 
| he Fabricated composites save Irom 6V to 50%, 1n 
the net cost of fabrication. 

2. The consumer pays for I material as he does 
not buy holes or excess material because of odd 
shapes. 

3. Highest quality punches and dies are obtained 


at lowest cost. 
4. Practically anything required in shape or size can 


be secured 


Deposited 


ictal 5. Shipments of fabricated composites usually are 
made from the factory the second day after 
receipt of order. Small-sized fabricated com 
ae posites are shipped the next day after order is 
received 
6. A minimum of machining hours is required to 
finish composite punches and dies, because of 
their closely cut shape. 
a 7. The element of risk is eliminated in the hardening 
— ee process, as it is practically impossible to crack 
° composites, 
ma S Distortion can be corrected without expensive 
Composite die cutts ‘ rder, because 
f the use of high-grade water g tool 
2 steel 
Any thickness of material 1 nked 
Figs. 9-13—Welding Dissimilar Metals Consisting of a Mild 1] | te 5 required 
teel (M.S.) and a Nonmagnetic Steel (N-M Steel) in Switch 7 +4, Renee. : 
Gear Mamnfacture®® without reharae 
12. Fabricated composites ca ) t lower 
( St 
nmagnetic steel as possible before joining the mild h) To C-W Stee Plain carbon tungsten steel is not 
| teel and nonmagnetic steel components 2) As far widely used as a tool steel | e to this 
ossible unlike metal welds are made with one com type of steel (about 0.99 C, 0.76 W) be: welded to a 
t nent free to move. (3) Where centraction is allowed 
rbya gap, the yap closure is divided into sections. 
(he application of these principles is shown in the follow- 
sketches. 
Figure 9 shows a pressed steel dome of circuit breaker i 
p plate, to in. thick. The nonmagnetic insert 
\ has the purpose of breaking the magnetic circuit thus waa x 
iding losses due to eddy currents. A \\ A 
For heavier sections, Figs. 10 and 11, the third prin- t \\ a) | 
le is employed. The nonmagnetic inserts B and C - 14 
e welded first, then A and D are butt welded with mild y) | 
eel; or, Figs. 12 and 13, a composite insert is formed, J / ] 
he mild steel side being welded last. ~ ONE PIECE ar, a 
STEEL RING 4 
Carbon Steel to Tool Steels F WELD — 
1) To C-V Steel——This is by far the widest applica- 
tion of welding as far as dissimilar metals are concerned. Nf Y), 
permits the combination of two conflicting character- SEC-B 
tics such as ductility and toughness provided by mild —WELD DIE cite 
teel and high hardness exhibited by a tool steel. The , Ty’ 
upport or shank of the tool has to withstand high strain Isp 7 | | BS 
nd it is made of low-carbon or low alloy steel, the tip or SECTION THRU-AR 
im is of a hard tool steel. Janiszewski’® gives a typical eee TOOL STEEL 
xample of this principle in fabrication of composite dies, PIAC WING STEEL © ENDLESS RING 
the type represented by Fig. 14. This example is es- SSA SSS SSSAAYS 
pecially interesting as it typifies the advantage of both \. SECTION THRU PUNGH 
ni me cutting and welding. ‘First, the parts of machine WELD “WELD 
ind SU el and tool steel (no composition given, but the latter Fig. 14—Drawing Illustrating Construction of Fabricated Com- 
a C-V steel) are flame cut with an oxygraph within a posite Punch and Die. Janiszewsk 
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Didin CarbDol steel 1s er ler ind 
Eschelbach” who found that if the alloy steel is welded 
to a plain carbon steel (1 letails), the steel mav harden, 
Dut the plain ( rbo1 ef ( St of s rbite I 
pearlite in the heat-affecte 
TT 
iv } 5 5 | 1 hye St 
fie] ( LT wel | I el Phe 
+} 
literature « is subject er Ju 37 was fully 1 
1Wwe | NOVE LCT } 1 11 
ot W steel | t be rem ed re \ 1! 
bormation out dailerent ethnod W 1 lil De 
found in the previous review. Resistance welding, ar 
‘ 
weldin oxvacetviene weldil tomic hvd ( fla i 
welding and other methods were mentioned. Che chiet 
application consisted of welding high-speed steel tips t 


plain carbon or alloy steel shanks in the preparation 


lathe and other tools The same application has pre 
vailed since then, but of these methods the brazing seems 
to be used nowadays more extensively than any other 


1 


method of joining (see section on Brazing On the other 


hand, the surfacing of the shank by means of an ay 


propriate cle pe sit also is used and 1s even considered iS 


the most successful and economical means of fabricating 
tools by some of the authors (see section on Base Metal 
ind Dissinnlar Weld Deposit). A method of salvaging 
precious tool steel by retipping shanks with discarded 
ends of high-speed tool bits by means of are welding 

been described recently by Ericson First, the tip 1s 
tack welded to the shank n $.A.E. 1045 or equivalent 
steel) by means of arc welding Chen the whole unit 1s 
warmed by means of an acetylene torch slowly, then 
more rapidly until the forging heat LOO—1700" J is 
reached on the tip, care being taken to keep the shank 
300 to 400° F. cooler. The welding is then quickly per 
formed using a medium-coated low-carbon electrode 


Without allowing the weld to cool the whole welded por 
tion is heated up (in a furnace, forge fire or with acety 
lene flame) to 2300° F. and hardened by air blasting o1 
oil quenching. Experience has shown that tools made 
by this method give better service than tools made 
wholly from high-speed steel 

An unusual but effective method of welding dissimilar 


metals is described by Stewart.® The carbon steel 
shank and high-speed steel tip are connected with a con 
denser charged to between 3000 and 5000 \ Che two 
pieces originally are */, in. apart, then they are brought 
together at high speed. When they ar 6 in. apart 
an are flashes, and 0.0005 sec. later they are brought in 


contact while at high temperature. No flow of heat 


occurs and a true surface weld 1s mad 


Low Alloy to Low Alloy Stee 


Kniazev and Artemiev": tried to join Chromansil to 
Chromoly by means of are as well as spot welding. The 


nposition of both metals is given in Table 9 


I 


col 


Table 9—Composition of Metals Used by Kniazev and 


Artemiev"™ 
Mn Cr S 
omansil 0.28 is O19 } 
Cl oly 2 0:02 


t) In the case of are welding a low-carbon filler rod 
was used covered with a special coating. Tee and butt 
welds were made. The leg of the tee was about '/s in 
thick 3 mm.) and the rib about */s in. LO mm 
Che edges of the rib were beveled. The butt welds were 
made between plates about 0.1 in. thick 2.5 mm. 


The weld was sound in both cases, but there was a lack of 
fusion in the leg of the tee due to a different rate of pene 


ition. Butt-welded specimens were tested u 
vith the tollowing results, Table 10 
Table 10—Results of Tension Tests. Kniazev and 
Artemiev 
i \ 
iy 
Che results are in favor ot the combinati 
lissimular base metals Fracture occurred in the 
s base metals had a tensile strength of »¢ VO 
Microstructure revealed good diffusion of the wel 
both base metals 
») Spot welding involved thin sheets in p 
thickness not stated) totaling 0.16 to 0.32 in. in 1 
ness \ more prolonged heating was necessary t 
the case of carbon steel to slow down the rate of ¢ 
ind avoid a hardened zone \lso pulsating weldi 
t be used to secure better spre ding of heat 
The welds had blowhole ibout 0.0 
eter Che as-welded structure was « rst 
117 ould be removed b he t treatment ibx e The 
formation point (no detail 
Che shears stress of a spot was SO" t 
tre th « the base metal There w How I 
indication of how the dissimilar nature tl 
+} 14 
rl ensile imt ‘ 
butt-welded composite Cr-M 
t bars 0) et 4 cage |e 
take sect f Yo 
1S1 hieick irc and carp 
elect1 () lo. 0 ( The tube we 
he tt LOU) T¢ weldi which was 
<q 
| 
z dq 
re) 
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Fig. 15——Results of Physical Tests of Welds Joining Chr 


Molybdenum and Carbon-Molybdenum Tubing 
Cordovi 
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s- and °/z-in. electrodes. The heat treatment 
welding consisted of heating to 1325° F., holding 
mperature for 2 hr., followed by furnace cooling. 
e influence of temperature on the tensile impact re- 
ce in foot-pounds, as well as on the elongation and 
ion in area is shown in Fig. 15. The 
ire was not stated, but judging from the 
presumably in the C-Mo metal, which 
i somewhat lower hardness than the weld metal 
r-Mo steel. The minimum value of the tensile 
t at 780° F. was accompanied by a minimum value 


elongation, which altogether remained rather high. 


ocation ol 
hardness 


base 


Wrought Iron to Rolled Steel 
pointed out in the review of literature on Welding 
ight lron*' there appears to be no difficulty in weld 
yrought iron to mild steel by arc*’ or gas 
[his was confirmed more recently by tests conducted by 
i\merican Bureau of Shipping, Lloyd’s Register of 


5? 


pri CESSES, 


Shipping and the Bureau of Marine Inspection and 
Navigation.** There is little doubt that the same will 
ue for resistance welding processes.’ Successful 
Ing of wrought iron to high speed steel also has been 
tioned 
( tw Ferrous Metal 
nany cases it has been found more economical to 
welded composites ol Castings ind rolled steel 
r than to make a complicated casting or to weld a 
using only rolled steel For example, a flying wheel 
be made ec ymmucally by welding rolled steel sj é 
iub to cast ri Danly* describes another ex- 
in which cast steel gear bases are being welded to a 
steel fram« Practical example S ol composite 
ol casting ind rolled steel are given by Thomson 
nnection with the construction of a Continental 
n Scraper id by Jacobus” who describes tractors 
ts, welded with heavy coated electrodes g Li g in. 
ete Recent examples of composites made of steel 
ings and rolled steel along with considerations of 
my have been reported by Wellauer 
lrov » lee 
Vhile there seems to be no essential difficulty in weld 
eel cast 1 rolled steel by any weldu ¢ process 
velding of ca on to rolled steel requires some precaution 
rding to the review of literature on Cast Iron as pert 
ember 1936 Che use of high-carbon, high-silicon 


when using oxvacetylene 
Che steel must be preheated to the melting point 
when using arc welding; moderate 


ter each short run are recommended. 


ler rod is recommended 


currents and peeni 
Bobek®? de 


bes a 


successful welding of cast-iron brackets to a 
teel casting of an electrical motor, but insists on no special 
ution. Successful welding of wrought iron to cast 


teel is also mentioned by Prinser 


lhe physical properties of welds between cast-iron and 
ld steel have been determined by Roux® and Treu 
t,” and are reported in the review of literature on 
st Iron. 


literature on Malleable 
8S Cr-Ni rod is used to weld steel bi 
leable castings if no machining is to be done 
ig. 
\ccording to several statements recorded in the review 
literature on Welding Cast Iron as per November 
6,*' cast iron can be flash welded without difficulty 
iny kind of steel. Whule this has not been denied by 
Welding Handbook* of 1942, such a welding has not 
n considered practical from a commercial standpoint. 
Recently, Boehm Esters* tried to spot and flash weld 


\ccording to the review of 
t Iron*® 18 
ial 


iil 


ckets 


alte! 


1945 


black heart malleable ist iron to SM steel of about 
$9,000 psi. tensile strength. Becau of martensitic 
formation the spot welding produced crack The be 
havior in flash welding was bette1 he white heart 
malleable cast iron was not tried, but probably wceuld 
give similar results 
Corrosion Re nce of D nile ( 

According to the review of liter Corrosion 
Resistance of Welded Joints as per | I iy 
posites of lower and higher carbs ent (« position 
not stated) were report ti r re { e t 
technical solutions of ethylene Cie ©} 
CHeOH).*4 Heavy corrosion al ( t the 
resistance-welded joint betwer t ne 


0.10 and 0.20% C 


Brazing Dissimilar Ferrous Metals 


Klectri 


Furnace Brazin 


This process 15 described by Webbe1 eans ol 
ussembling steels of dissimilar origin and alloying content 
he principle 1s the same as in 
At high temperature, 1 1 neutral or ¢ it 
mosphere, the brazing metal er, w- 
temperature silver brazing all et to 
the ints by mean urface t llarit d 
forms an alloy with the bod ( { er 
torch brazing art low he 
7 hetter ] uni 4 
portant lor m ul bilit | 
lighter parts to he nes 

Rotating the ever type with 
copper brazed J ts were test by ] er d 
Horge Phe bas« lv treated 
uter brazZi! by quenching 
per T Lhe | 1] mn 
reversals although lov OOO 1 erior 
the ne devel bv g weld ‘ 
tratio1 copper in the ferritic gr 

me cre¢ i! Or ¢ | CT 1 t he 
larity 

Exte1 e resear Kuhl 

ce brazi el b { 

( 2028” timu t ti 
leve ile str 100 
Sines take ly nut en 
trate the bene ‘ 
can be « laine uti pper and 
iron Chis cir t expla hysi 
cal pr erties I that pure 
copper (t sile str up U bi ing 
Ni-M teel 11 ot rotating 
bend limit O00 psi. when b 

mse We 

General Bronze elding 1 th t w ( ised 
method joining dissimilar metal It feature 
lies if that iclu lly I dire 1 lishec by 
tween the two base metals Phi ws | the vet 
definition of the process, which r king a 


joint by heatiu 


1 red neal Oni 


the vee 1s filled. 
As reported 


national 
reasons to expl 
bronzes to take 


similar untused 


bronze rod onto 


Acetvlene \ 


clean weld areas of the base met 
ind then melti the fli end of a 
the heated reas uinge unt ] 
by Hook* a publication of the Inter 
ssociatior OI Yoo gives three 
un the action which enables the yellow 
such a powerlul grip on so many dis 


b ise me tals 
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Tinning—spreading of a thin film of molten metal 
of low surface tension; the bond thus produced 
depends on the action of molecular forces at the 
bronze-base metal interfaces. 

2. Alloying—diffusion of bronze constituents into 

the base metal and a corresponding diffusion of 
the base metal constituents in the bronze in a 
narrow zone at the bronze base metal inter- 
face. 

3. Intergranular penetration—the molten bronze pene- 

trates along the grain boundaries of the base 

metals. 


Except for the cast-iron base metal, no interference 
with the bond is experienced from any of the base metals, 
if proper flux is used to dissolve the produced oxides. 


Particulars 


Mild Steel to 18-8 Cr-Ni Steel—Low-temperature 
brazing (between 1175-1532° F.) may be successfully used 
for this purpose according to Folgner* and Chapin.” 
The solder contains Cu, P, etc., and as much as 50% 
Ag. It is important to use energetic fluxes (fluorides) to 
dissolve chromium oxide. The flux must flow freely 
and so must the solder to make the bond possible through 
capillarity. 

Jenkins® speaks of successful dip brazing of turbine 
blades by means of copper or brass. Precleaning by 
electrolytic pickling is essential to remove tenacious Cr 
oxide. 

Cemented Carbide Tips to Tool Shanks.—The success 
and economy provided by brazing are emphasized by 
Johnson!’ Mackinnon,” Hoffman™ and Folgner.*® The 
latter recommends the use of the so-called Easy Flow 
No. 3, silver brazing alloy of the following composition: 
Ag 50%; Cu15.5%; Zn 16.5%; Cb 18%. The solder 
melts at 1160° F. A detailed review of other brazing 
processes has been described elsewhere*®! and need not 
be repeated here. Greaser'*' recently described success- 
ful reclaiming of twist drills of 1S-4-1, W-Cr-V composi 
tion by brazing them to shanks of 0.6% C 

Galvanized Pipes.—The problem of melting galvanized 
pipes without damaging the adjoining galvanized surface 
is solved, according to Forgett by the use of a special 
flux for brazing.” 

Intercrystalline Corrosion of Brazed Steel.—In connec 
tion with brazing of dissimilar metals the differential 
intercrystalline corrosion of steels brazed while under 
stress deserves special mention. It has been known 
ever since®! that steel brazed with high-temperature 
alloy while under stress is sensitive to intercrystalline 
corrosion. The same is true when a low-temperatur: 
solder is used.®* But the latter seems to penetrate more 
easily in tempered Cr-Ni alloy steels (0.80-1.44 Cr; 
1.22—-4.10 Ni) than in plain carbon steels of the same 
carbon content. The damaging effect was observed at 
temperatures as low as 212” F.** 

Brazing of Cast Iron.—Under the name of bronze 
welding this process was reviewed in detail previously,*' 
in connection with joining cast iron to cast iron. Similar 
results to that found in the latter case may be antici- 
pated when welding cast iron to steel, as shown in tests 
by Jansson.* A tensile strength of 18,720 psi. was found 
by the latter on butt welds of cast iron and steel using 
bronze and an unnamed flux. This figure was the’same 
as that found on butt welds made with steel or cast-iron 
rods. 38 

The nature of bond between cast iron and bronze weld 
has retained the attention of many investigators and 
was fully reviewed previously.* The general belief is 
that the bond consists of some kind of adhesion and not 
of intergranular penetration of bronze in the cavities. 
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The existence of an alloy (Cu-Zn-Fe) also was stat 
without clear evidence. The bond is strong eno, 
give fracture in the cast iron.*! 

The interference of graphite flakes with the b 
eliminated by the “‘searing’’ method.*® The bevek 
of cast iron is subjected to an oxyacetylene flame y t 
becomes dull red. This burns up the graphite 
The bronze ‘‘tins’’ easily on the seared face. Acc: 
to the review of literature on malleable cast iro Res 


December 1936** the bronze welding of steel par 

malleable castings may be made by using Tobin 
The steel and malleable should be preheated to a b; 
red; the edges and surrounding areas are plated 

the weld itself is then made. Most recent statement 
this subject are as follows: 


1. An all purpose welding bronze rod containing § 
(T.S. = 50,000 psi.) may be successfully used accor 
to Walker* to join cast iron to iron or steel. 

2. Muffle and head assembly consisting of stee! 
stampings, steel tubings and a permanent mold 
casting can be made successfully by electric furnac 
brazing according to Cunningham.* 

3. Aluminum bronze electrodes (Al 9 to 14 
0.5-4.5, others—0.3-0.5 max., copper balance) are id 
suited to weld cast iron to iron according to Swift 
obtain good results it 1s necessary to braze and n 
weld. This means that fusion of the base must lhe 
avoided, by directing the arc on the weld (see al 
[II, Surfacing by Means of Bronze Overlays 


Part II]—Welding Ferrous to 
Nonferrous Metals 


Nu kel and Nu kel llovs 


Ot the nonferrous metals nickel and nickel allo 
probably the most frequently welded to steel and 
iron, and in this category Monel seems to be the 
successful. According to Flocke and Schoene: 
building pressure vessels oftentimes it is necess 
weld steel parts to Monel. When resorting to c 
Monel electrodes, the butt welds in plates */s; and 
thick yield a tensile strength of 61,900—66,800 psi 
fracture in the steel. The free bend elongation at |s 
was 42% for the thinner joint and 28% for the thicker 
The nick-break test revealed no defects. 

Nickel and Inconel can be successfully welded to 
using Monel and Inconel rods respectively. S$ 
brazing also may be used.* In the case of nickel 
steel part is first clad with Monel.® Steel has beer 
with Monel */3. in. thick by plug and slot weldin; 
filling plugs '/»o-in. diameter, 4-in. centers. In o1 
to avoid cracks a small bead was deposited around 
edge of the hole and allowed to cool, before the hok 
filled. Seam and flash welding steel to nickel and ni 
alloys offer no difficulty.* 

The welding of cast iron to Monel metal was describ 
by Durglund.*' Gas torch and cast-iron rod were 
to weld cast-iron plugs to a Monel container. Be: 
of the higher melting point of Monel, 2480° F. as as 
2150” F. for cast-iron rods, the bond was secured b 
hesion rather than by cohesion. The Monel 
sweated like in bronze welding. 


( ‘opper and Copper A lloys 


Oxyacetylene torch is successfully used to braze 
tips to steel stems in mining tools according t 
schrift fur Schwetsstechnik.2? The filler rod is ei 
brass or Neusilber. This procedure, which is use: 
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d sparks when boring holes for explosives, is also 


led. Performance 


hout preheat using 
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ce no new d 
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ibed by Graham.** A slightly oxidizing flame and 
e welding rod are recommended. The br 
to a chisel shape and butted again 
bar which is left 
data indicate 
une strength as the welded parts. 
d containing Si (T.S. 
) join Copper to stec l according to Walker 
recommen the duminum bronze 


iSS parts 
t the 
square or sometimes also 
that the joint has 
A bronze weld 


55,000 psi Iso mav be 


round end 


teel 


is 
ul 


use ol 


ides for are brazing instead of ordinary brazing 
vhich are inadequate because of Zn tum Phe 


contains 9-14 Al, 0.5—0.5 tron, others 0.3—0.5 max. 
a tensile strength of the order of SO,000 
1) psi. 

cessful are welding of chrome-plating racks 
EK. 1020 steel to copper hooks by means of co 
cribed by Wald! 
ws the use of bronze and copper electrodes to join 
nt-carrying conductors to railway rails tor 
gnal circuits. Copper rod having 0.25% Si 
used along 
I viewer reports 
| sheets by m«e 


rodes 1s de no details 


steel 
uccessiully with carbon are proce 

good results of welding gal 
with 
rod is melted in one layer without 


ans of carbon art 


Zine 
| iccording to 


rated with 


coating. Similar results 
Hook with an 


a compo 


ed with the Everdur and the zine ec ¢ the 
ielted with the carbon ar 
ef lescribes fabrication drivi by hoe 
wedges with an overlay of bronze by meat f torch 
re wel both carbon and Phe roe 
fluxing | bronze alloy, is of the ( DOs! 
he br vhich is customarily pours dri 
late! 
us the great difficulties encountered when 


spot welding has tried to 
to b The itest difhiculty 1 iS re 
ce we ng is concerned 1s the large difference in the 
ré ce of the two metals. The n re 
nce is not at the interface, but in the stainl heet 
er weldi litions combined with a proper ele¢ 
e design make it possible, however, to attach br 
le eel and to obtain a ‘‘reasonabl trength 


welded to cast-iron journal boxes 

low heat-coated electrode (no de 

iccording to Palmer.! Resistance u 

ifically the projection welding, has been successfully 


nze liners may be 


by Gillett to join steel to copper and steel te 
in various “‘unusual’’ applications 
num and Aluminum Alloys 
though aluminum 1s not easily spot welded to other 
, Fergusen” could produce good spot welds be 
Uuminum and iron, stainless steel and tin-coated 
lo prevent the formation of a brittle iron alumi 
compound Goldmann*’ spot welded these metals 
nterposition of a third metal (no details 
he joining of aluminum to steel by means of torch is 
er a problem of welding or soldering according to 


ited recently 


and 


been collected since then, 


been tr previously” 
ita have 
is made to the 


irticular 


more 
rele! 
before-mentioned reviews. 
ittention is called to the data given by 
Maier." By precoating steel with tin, 
linum filler rod may be used with an appropriated 
autogal This produces a thin layer of Al-Sn-Pb 
at the iron side, which is strong enough to shift the 
ire outside the weld with a tensile strength of about 
Although the layer of Al-Pb-Sn alloy is 


brittle, bending may be 
as the deformati 
more ductile al 


periormed without 


is easily taken up by the weaker 
uminum base metal 
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It aluminum solder instead of pure aluminum is 
sorted to, the joint becomes weaker, with a tel 
strength of the order of 8500 psi. 

Corrosion test in running wate1 to dis 
appreciable deterioration of alumut Ithor 
corrosion W visible at the junct wit teel 
Me L? Ae: é Vet ( 

\ recent review of literature” « ered this field 
so far as can be st ited, pot weldi I be used 
some succe to 101n Wire Oo! these tee] wire 
Atomic hydrogt carbo! equate 
tection) also is mentioned 
Stellite 

to steel tips in much thi ev ten carb 

ee Part II),*! but wel ¢ é rch or ar 
feasible \tomic hydrogen re al 
been used. Stellite rods h rer I ( 

ee Part II Finally, Stellite ( t 
by resistance weldi TCUSSIK 
} Iron A lea 

Phe process of deposit é 
Dr e cast 1rol! ( I 

I rp O! I ( 

ri ce ac I to He , I 
the 1 eel rocker 1 ty 
e electrod ‘ ‘ 
braze t ed to the stee rds, wl 
Leated 4 he os 

llowing the deposit to flow fre« heat 
the ar In thi er the ar ed 1 

elt the base t \ t 
tained, provided the surtac 
posit of thet t give 

ewed Jennings er, belie e ar 

tin, 0 yhosphor the 
Part IV—Dissimilar Nonferrous 
Metals 
Welding Copper with Other Metals 
Base Metal versus Weld Met 

Although it 1 ossible to weld 
copper 1 either torch 
l H petter ) ‘ 1 
illoy1 rods 

lhe phosphorus deoxidized copper wel rod witl 
without ll addits of sil 

937 for gas weldi where r br t 

| ind U.50 Cel ed 1 
bon are welding (95*‘ te le t | 

lo obtain more specific dat the 
ing element in rod on the qualit f weld, H 
Swit made tests with different r 
bon are welding Che degree of « idation of the 
metal is an important factor, and as a rule deoxi 
copper base metal gives better welds than tough-pit 
electrolytic copper [his 1s true whether the base 
is deoxidized with phosphorus or with silicon. ¢ 
basis electrolytic copper rod compar ery 
with rods containing various 


cracking, 


and 
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nents. On the other hand, rods deoxidized with silicon 
4 Table 11—Resistance of Cu-Al Joints. Holler and Ma 
ire better than those deoxidized with phosphorus, in so 
r as hot shortness is concerned High amounts of tin I 
up to 10°, re good { rho irc welds. but are 
satistactorv for gas w sity Excellent results : 
in both types of weld have beet d with a rod contain ‘ : 1 
That high tin « tent 1 erst r¢ elding an 
beneficial for carbor t weld 1 ilse LOW 1 tests Alt 
made by Young.'’* The bass etal was « trolyti 
Phosphor bror ds with at tt 
ing trom 1.75 to 10°) were us Phe joint efficiency o1 
the basis of a tensile strength O00 psi. for copper 
was comparable to that 1 or electrolytic copper by tin solder) of copper t luminut re sensitive ti 
Hor ind Swilt n and f t the aluminut terface, whereas \ 
Similar results to thoss tained by Hool d Switt joints and ints made by silver brazu tre 
with electrolvtic nd ade ( base etal are letect 
port d by Vreeland Che best si we copper ilu mu 
Welds on electrolytic copper base metal gave errati is resistance welding according to Gillette Do « 
results regardless of the type of welding rod used because nate the brittle Cu-Alal the following method ist 
ot the segregation of the copper-cuprous oxide eutectic mended: since ielts at a lower temper 
On the other hand, welds on deoxidized copper base than copper resistance, aluminum 
metal gave 100°) joint efficiency when using silicon less protruded from the clamp than copper to bal 
copper rod (0.15 to 0.30, Si) for gas welding and silicon electrical resistance This is determined by 
bronze type rod (approximately 3° Si) for carbon ar “Then Starting with relativel low pressure 
welding. proper temperature 1s reached and using relativel' 
One hundred per cent joint efficiency has been obtained pressure to push up the weld, a very satisfactors 
in the case of high c pper brass (SS Cu—-15 Zn Munz is made, the high pressure extrudi ll of earl 
metal (60 Cu—40 Zn ind N il brass (50° Cu, 0.757 the brittle all trom the joint 
Sn, balance Zn) when using low silicon bronze for gas Copper alloys to any other dissimilar metal also « 
welding (1.5%, Si, 1% Zn) and high silicon bronze (3° satisfactorily welded according to Gillette 
Si) for carbon are welding The possibility of copper to lead welding h 
lentioned previousl but etails were give 
Welding Copper to Copper Alloy more detailed informati is fot in the previ 
T 1eW tbout soldering br ipes to lead pines 
Che only specific information about joining copper to : ce 
brass is found in a paper by Chapin“ who recommends 
ow-temper: ‘e brazing phosphor bronz ontainin 
low-temperature brazing phosphor br e ning Aluminum 
rious amountsof silver. Nospecial flux appears neces 
sary as phosphor bronze acts itself as a flux oan 
Welding Copper to Other Nonferrous Metal Yluminum and aluminum alloys ar tly wv 
, : with rods of th Imi position, but the use 
Although copper can be seam welded to aluminum, ai 
rod also 1s recor ended for the filler r 
the joint is brittle due to Al-Cu compound, according 
Vol taining Ol, opini e di d 
to Welding Handbook.’ The same is true if torch 4 
astings a low-temperature melting 10% 
welding is resorted to’ or if soldering is made using ita arg 
aluminum rod; in the latter case copper is precoated “ ee 
with tin solder. Soft soldering LOT pl ites, and silver l/uminum to Aluminum Allo 
soldering for joining aluminum wires to copper cables is , , 
preferable. he same applies to brass to aluminum ' 
’ . 19. 98 iluminum silicon all silumin and Nural 132A 
welding.” 
thick to rolled plates of aluminum-mat est 
A detailed investigation by Holler and Maier!’ shows Hy-7) of the same thickness by me ( itom) 
the following tensile strengths obtained on thin sheets drogen proce using rods having composition either 
5 t 
ibout '/s in. thick of Al and copper, either welded by the casting or of the rolled plate (compositio1 
means of aluminum rod or soldered by means of a soft stated \ll tensile specimens broke outside the wel 
solder, Table 11 Silver brazing is inadvisable on thin the cast plate, Table 12, but examiration by X-ray 
sheets, because silver-Al alloy is too fluid and runs off. metallography disclosed best bond when using H 
However, the joining of Al to copper wires by means of filler rods, see micrographs Figs. 16-19 In the oy 
pper | 
silver solder gives good results. Similar results are ob of the author this result is secured by a partial fust 


tained in joining aluminum to brass. 
It must be remembered, however, t 


ri base 


Hy metal anc 


hat soldered joints produced thereby 


Table 12—Mechanical Properties of Aluminum Alloys Tested by Mader.’ 


Mechanical Properties 


0.2% elastic limit, psi 
Tensile strength, psi 


Elongation in 2 in., & 


Silumin Casting and Hy-Rolled Plate 


Welded with 
Silumin Hy-7 


12,600 12,000 Around 15,000 
17,000 17,000 400) 
WELDING RESEARCH SUPPLEMENT 


1 mutual diffusion of Mg ar 


Nural Casting and Hy-Rolled Plate 


\ural 


FEBRUARY 


3 
/ 
Hy-7 
14,000 17,000 


Table 13—Spot Welding Dissimilar Alloys. Rohrig and Kapernick 
Approximate lotal Shear 
lemperature at Time Energy Load on Strength 
Which Melting in per Spot, Tips, Diameter of of Spot, 
Specimen Alloy Begins, ° C Cycles KWS Lb Spot, Inch Lb./In.? Fracture 
] Pure Al 650 10 16.5 220 ).108-0.114 14,000—14,700 nbuttoned, hole in Al 
Al-Cu-Mg 540 


I 


Al-Mg-Si 590 15 95 22 0.114—0.118 17, 000-22, 500 Shear through weld 
Al-Cu-Mg 540 

3 41-6.5% Me 550 15 20 pe No weld No weld 
Al-Cu-Mg 40 

Pure Al 650 22 ).095-0.110 18.000 10) Unbuttoned, hole in Al 
Al-Mg-Si 990 
Pure Al 650 l 16.5 cau 0.106-0.118 14,200—15,10' Unbuttoned, hole in Al 
A1-6.5% Meg 0) 

t Al-Meg-Si 0) 12 1) Ze 0.122-0 126 1) HIM) } hear through weld 


Alloy Cu Mg Si Mn 
Pure Al 99.5% Al, hard rolle 
Al-Cu-Mg 3.5-5.5 0.2-2 0.3~1 5 Heat treated 
Al-Mg-Si 0.5-2 3-1.5 -1.: Heat treated 


Spot Weldiw As pointed out elsewhere ther illoy Phe junction on the alu m side shows ¢ 
lificulty in spot welding aluminum alloys of dis dence of interalloyu It must be pointed out, how 
r compositior Any combination of Alclad 24. ever, that aluminum-lead joint itive to t 
2 Sand 538-T1 tisfactory When spot welding water cor 
q S-T to 3S, a flat electrode is used 1 the clad \ ttempt to t wry ' 
to insur etrical slu Che corrosion resist lI whi Z I Le 
tisfactor 
mb , hye di Nonferrous Metals Other Than Cu and Al 
ir Al all the lower 1s the strength, Tabl 
pot weld was tested in shear Chere VM 
little difference in structure between the t part | | | } 


I element hut ‘ t 1 t 
j \ithough 1 pecitic 1 rinati has. th whe wel 
ound on bi i@ dissimilar A I the ther ot 
it can be anticipated that this type ining tivits re the pr I ctor I 
It | | 1] 
ficati ‘ ivher electr ( 


eside iron and copper and their alloys reviewed pre or these difference t el 
| isly uk ul gas welds can be made betwee lu iré n contact with th heet 1 ] slug 
1 and nickel and nickel alloys according to Holler centered in the joint 
ates The nickel 1s precoated with tir ind 
r aluminum filler rod or aluminum brazing alloy is 
Che strength of the joint is of the order of OOO Reference 1s made to a previous reviev in which the 
Monel metal is more difficult to weld because of thi follow1 combinati I et stly 1 
rmation of a brittle Al-Cu compound Stainl teel form of wires, are give without particulars W-M 
t be precoated with tin, instead, aluminum brazing la-Mo, Mo-Ni lo-Mor lo-stainl 
nust be used \luminum be brazed to lead steel Spot welding t bor 
ine, if it is pre ed with Uuminu razing rOCeSsses 


Fig. 16—Cast Alloy, Silumin Fig. 17~—Cast Alloy, Silumin Fig. 18—Cast Alloy Nura Fig 4 rast A Nu 
Welded with Hy-7 Rod Welded with Silumin Rod 132A Welded with Nura 132A Welds with Hy 
132A Rod R 


Figs. 16-19--Welding Aluminum Cast Alloys to Rolled Aluminum Alloy, Hy-7. Mader Ampl. x 200 
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41-6.5% Me 550 
Annroximate C 
{lun \ 
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ng 2 in. x HVY IPS low-carbon LINE OF WELD 
to 2 in. x HVY IPS 27' 


A BAW CROLOY ZONE IN C STEEL — 

kva. transformer and hydro 

is was passed through the weld 

ice during flashing. Stati 
tests conducted on heat 

d specimens 1.000 xX 0.190 in 


¥ 
section gave the following 
psi.; elongation in 2 1n., 27 1 1, 
el base metal (about, | in] gh 
weld Specimens in. wide, ¥ 4" 
long were ubjected to a free 


test and bent to a full 180° | 


ress Not withstanding the 4 
tion of the weld hardness, Fig rv alll 
hich 1s usually taken as indica 
intiate in the heat-affected zone. -% “ + 
Figure 2 reveals an intermittent sh Ae 


rburized zone less than 0.005 } 


4 
, fa 
on the Croloy 27 side of the 


a» 
yurized zone (more than 0.1 1n M Test 
ig. 2—Longitudinal Section Showing Microstructure of Flash Weld (After Tensile Tes 
ferrite on the low C steel sick Fig. 2—Longitudinal Se tion Sho — structur k ash W é 
ing). 200 Aq 1a Regia ind 
latter is the result of carbon 
igration toward the Cr steel during 
treatment In so far as high concentration of car xide penetrators has been trapp t the w el ( 
bon at the weld interface (Fig. 2) due to the aforemen \ccording to the investigators reportu these results, 
ed reason is known to result in a brittle zone in the hydrogen atmosphert e) 1 
ld, the possibility of carbon migration and its const helptul 1 int ing i 
ces should be considered for any weld between chri tor cic t the weld ct tu if 
mm steel and carbon steel if the temperature ol opera LC rok Af id C steel f I 
is high enough for diffusion \ small amount of t respectivel 
win . A™® \ 


tig. 3—Microstructure of B&W Croloy 27 Base Metal < 250 Fig. 4—Microstructure 
Etch: Aqua Regia 


WELDING OF DISSIMILAR METALS 


in 
\ 
- of Plain C Steel Base Metal 250 
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Graphitization of Low-Carbon and Low-Carbon- 
Molybdenum Steels 


By H. J. KERR,” NEW YORK, N. Y. 


INTRODUCTION 


i HILE the technical literature contains considerable in- 
| formation on the graphitization of cast iron and high 
carbon steels,® only a few cases of graphitization in Jow 

carbon steels and no case of graphite formation in low carbon- 
‘molybdenum steels had been reported until after the failure of 

the steam pipe at the Springdale Station of the West Penn. 

Power Company, early in 1943. As a result of this failure a 

‘ number of papers were presented to this Society under the 


sponsorship of the Joint Committee in 
December 19438. 


The company with which the authors are « 


High-Temps ratureé 


onne¢ ted has 


manufactured manv large oil refining vessels of carbon-molyb 
denum steel, also high temperature and high 


conside r ib] 


pressure boiler 


drums together with a number of 


very supe 

heaters of the same material. Therefore, the failure of the pipe 

at Springdale due to graphitization in servi was of great im 


portance to the authors’ company and to it tomers, notwith- 
standing the fact that the failed material had not been 
nished or fabricated by 


We 


duration with carbon-molybdenum steel and with 


them. 
had carried out 


many hich temperature tests of lor g 


welds of the 
same material, without encountering any trouble. It was there 

fore natural to raise the question of why these tests did not 
give any warning of the graphitization danger. Subse juent to 
the failure at Springdale, we, in cooperation with the opera- 
tors of many installations, have examined a great many sam- 


ples of welded pipe, plate, castings and forgings removed from 


AND F. 


EBERLE, BARBERTON, OHIO 


Steels of the intermediate type, that is steels which showed only 
No. 2 type 


in the Me Quaid-Ehn test, g1 iphitized in some cases 


slight abnormality ind a grain size of about 4 + 
> and di 
in others 

In parallel with the investigation of materials from sé 
installations, many tests were carried out in the authors’ lal 
tory which had a threefold purpose. The first objective vi 
graphitize under controlled Gonditions the type of steel \ 


did not graphitize in service. However, all attempts to d i 
failed, in spite of the severity of the applied testing condi { 
The second goal was to graphitize the intermediate ty 
steel, and in this some success was achieved. The third 
tive was to gain some insight into the mechanism of ¢1 
zation of these low-carbon steel 

No attempt will be made here to present detailed repol 
investigations of materials from service installation. How 
some tvpi al conditions will be shown which illustrate P 
facts. With respect to the laboratory experiments, the t Af 
pro edure will be de ribed and the results obtained 
gether with the comments of the authors. Finally, a summa 4 
the conclusions at which the authors arrived, will be prese: 
Typical Examples of the Graphitization Behavior of 

Various Types of Materials in Service 
CARBON STEELS 

A very interesting case which the authors encountered is t 
of the well-known committee steel K-20 which probably 
been tested more and described in more detail than any 
steel in this country.’ This steel had been specially made for 
Joint A.S.T.M.-A.S.M.E. Research Committee on Effect 
Te mperature on the Properties of Metals to serve as test mat lt 


] 


rial for standardizing hig] methods 


equipment. This K-20 steel had been furnace-deoxidized 


-temperature testing 
SO per cent ferro-manganese and 50 per cent ferro-silicon 
lowed by i ladle deoxid ition ¥v ith 50 pe! 
by tl > Ib aluminum per ton of melt. It w 


cent ferro-silicon 


DS e addition of ] 


5 C, .55 Mn, .19 Si, .016 P, .030S,. .025 Al, .006 Al-O it 


One of the most outstanding characteristics of this steel 
its uniformity After fabrication into 1 in. round bar stock 
latter received the following heat treatment 
“Heated to 1550 F in two hours, held one hour and fu teat 
cooled to 1000 F from which temperature the bars were Thy 
cooled. Reheated, to 1280 F in four hour held two hours nd] 
cooled in the furnace to 1000 F, then air cooled.” Huet 
Wi part ipated in the creep testn r of this mate rial at 85 
ind at the c mpl tion of the standard test pe rmitted the sp 
men to remain under load (7500 psi) for a total time of 7525° t! 
hours that is about 8% years. Details of this creep test 
given in Professor Norton’s report contained in Appendir \ 
Subsequent examination of the coupon in the authors’ lab 


\ 


summary of the bibliography of this steel is given in Proc. A.S. 
v. 40 (1940), pp 


159-160 


86-5 194 


installations, and have also considered the results of examina- 

tions made by other investigators such as H. Weisberg,’ L. E. 

Hankison,* R. W. Emerson,* and H. S. Blumberg.’ In all, some 

eighty weld joints have been carefully studied, these including 
Mi samples from the highest temperature (975-990 F) and pressure 
‘, unit with the longest service in the country. 

Examination of these field samples from service installations 
showed very quickly, as reported before the Joint High Tem- 
perature Committee last vear, the important fact that the steels 
found affected by graphitization were those which had received 
considerable quantities of iluminum in the deoxidat practice 

In the course of their investigations, the authors found that 
steels which displave d in the McQuaid-Ehn test a totally normal 

F case with a grain size of 1 to 5 did not grap! itize n service. 

; Steels which were abnormal and fine-grained (7 to 8 in 
McQuaid-Ehn test, did graphitize, though in the case of cast- 
ings some have and some have not. The degree of graphitiza- 
tion among the graphitized wrought steels varied considerably 

© Fivures refer to the bibliography appended to this paper 

4 1 Executive Assistant, The Babcock & Wilcox Co. Mem. A.S.M:1 

Metallurgist, The Babcock & Wilcox Co. 

"Mech. Eng.. Public Service Electric and Gas Co Newark, N, J 

‘Gen. Superintendent, West Penn. Power Go., Pitts! th, Pa 

© Metallurgist, Pittsburg Piping and Equipment Co., Pittsburgh, Pa 

® Metallurgist, The M. W. Kellogg C Jersey City, N. J 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Committee on the 
Effect of Temperature on the Properties of. Metals and Presented at the 
Annual Meeting, New York, N. Y., Nov. 27-Dec. 1, 1944, of THe AMERICAN 
SocreTy OF MECHANICAL ENGINEERS 

Note: Statements and opinions advanced in papers are to be under 

eS stood as individual expressions of their authors and not those of the 
Society 


' 
r 
4 


of 


iF 


rmal tubes T, and T 


revealed that the steel had uniformly graphitized (see 
3). Due to the heat treatment, this steel was predominantly 
Fig. 2). In the McQuaid- 
steel was found to be slightly abnormal (Type II 
and 3). The McQuaid-Ehr 


roidized before the 
test, the 


f a mixed grain size (No. 6-7 


testing (see 


of this steel 1S shi wn in Fig 3 


was quit interesting to note the arrangement of the 
shite in this specimen. One could not « ape the impression 
the carbor had been pre ipitated around ome t o! 
which were relatively few in number and randoml) if 
[he graphite nodules were of roughly uniforn ze from 
h it would follow that the nuclei had become effective at 
the same time und that the rbon prec tation there 
remalr | confined to them But whet d 1 ft | 
i eft t er Ch fact it the nuciel ar I d 
e etl tive it bout the ime time er t I r the 
é preferred by the author name! that 1 leation 
I 
place on the low cooling through the A temperature dur- 
the atomic rearrangements a companying the ; lotrop 


tormation iat the nature of those n le ré 


itter of speculation. They mav be bmic1 pic partick 
xides or nitrides o1 sulpl ides of aluminum or rhay | 


ome other element 


ie formation of randomly scattered graphite nodules did 
Hect the mech nical propertie of the tee] rious| t! 
figure h 

Prop. Limit Yield P. Tensile Str. I § R \ 
psi pst psi per cer t H 
t 21500/24000 68000 /70000 36.5/39.0 65 65.8 128/] 
eet 412 SOO 62.300 8.4 
+} 

\ ier ver instructive instance concerned an rt ot 

14 in. O.D in. I.D, oil-refinery tubing re ed from 
tallati: he ause of changes onstructi t be 
ted of tl ee section joined hy veld ne. w } ll - 


Carbor >] lf 19 
Manga 16 45 42 
. n 14 0 19 
rt shor 015 018 O12 
O84 025 022 
M bden nil j 
Ct mium 04 ) 02 
Nicke 04 13 i 
m 019 002 
ina ALO 003 002 
1 the McQuaid-Ehn test, tube T, was found to be fine- 
ed and abnormal, while tubes T. and T, were medium 


id 12). This 
ot 1000 
Quaid Ehn 
had not gray hitized either in the weld- 
weld-unaffected body, while wideh 
ered very large graphite nodules were found throughout 

ormal tube 7 


the 
rraphite (see Fig 6 


See Figs 
had been for 8% years at a. 
1020 F. Examination revealed that the two 


irse-vrained and normal 


7 
posite tube temperature 


ted metal nor in th 
The weld metal pOomning the se tub: S showed 
Representative microstructures of the 
Figs. 4, 7 10. The notewe 


é tubes are shown in and rthy 


iture of the graphitized Tube T, was first, that there were 


lly, that graphitization apparently was 
enced by “the 


very few, but exces dingly large graphite nodules, and sec- 


not preferentially in- 


1; 
weldin . 


ot 


not more gr iphite nuclei been formed during 


assumes that nucleation took pla 


heat 


One cannot he Ip as 
tion why h 


e long vears, if one 


service temperature. 


et us now compare the above steels with the behavior of 


steel which we may ca te 


represents a lrum vith twelve vear 
ib« ut S50 | Atter ] eal a ta 
] 
to the drum by welding. ] 15 t 
the wel ted tal of the 
‘ | y 14 low ter nerat I eld | 
pera 
fter the ] \\ 
} 
I t eit! | 
| chanel: ais 
| 
1 } 
r t 
4 } 
ld ; 
Paha 
] 
itte t i¢ 
P! ne S 
ri 
I 
M30 to 950 F tor 5 ‘ | 
id i | 
pre ted ! t 
i ‘ 
uf 
H 
7 
Car 
( 
I 
} 
} Heat-t ( 
i tatten t 21 
This teel had ré ed 7> It 
lati practice i 
1 
McOuaid-Ehn test (see 6). 
t chemistry of this mate h 
15 16S I 6S, 54M 
Plant | 
| fance ce I 
trom the pre ) ) 
ment wh it | 1 re 1} rt 
1 
heen { hed 1 { } 650 | 
> 
Prior to tallat t t the pip 
te neratul i | t } I ili ed t 
t 00 F. The upset end w t} velded 
it 1200 | Examination f the weld } I 
if reve led catt vrapl ite 
low-te mperature end of the weld-afk 
thy, nncet d t nart +} 
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ture 

} 

} 

t¢ 


another carbon This steel “B” 
it perature I 
er was attached 
tru i 
ea 
of 
e an 
] 
) 
1 
} ‘ } 
x 
t t 
n i! il 
f 
e to | il | 
i 
it 
A } é 
if 
} 
| 
lesignated as I,, and Ts, of the following analysis: 
I 
m 
0 ‘ 
7 
n 
A 
002 ALA 
) 
} 
] d 
the | ut 
th 1h id 
or 50 F a n 
he 1 str ed 
qi } a 
+h, 
75 the metal 
The gra in 
lix A i 
ib 
STM 
1948 87-8 


the weld-affected zone was not of the chain type, but more cen- 
centrated than in the body of the pipe. The significant micro- 


structures of the pipe are shown in Figs. 23 to 25. No graphite 


was found in the weld metal. The steel from which the pipe 
was made had been deoxidized with 1.9 Ib. Al per ton, buf 
otherwise differed little from that of th previously described 
pipe. Its chemistry was as follow 


13 15 Mn, .17 Si, .015 P, .018 S, .52 Mo, .062 Al, .013 ALOs, .01 C1 


Che Me Qu il 1-Ehn test reve aled a fine “UTA d and abnormal 


structure (see Fig. 22). Pipes “S” and “F” illustrated the be- 
havior of a carbon molvbdenu i teel which had been deoxi- 
dized with a larce amount of aluminum 


Plant C 


The f xample considered here pre sents the Cast of cl carbon- 
molybdenum steel which received an intermediate amount of 
aluminum, sav 0.75 Ib pel ton. Over six years ago the authors’ 
company built a reaction chamber of such a steel which we 


may ick ntify as steel “C”, and which analvzed as follows: 


0.17 ( 0.60 Mn, 0.22 Si, 0.013 P, 0.020 S, 0.45 M 002 Al. .OO8 ALO 
Ol Cr 
. ? 
This mate rial Was In the normalize d and stress-re lie veda con- 
dition. After six years service at 870 F, numerou amples wer 


rt moved and examined but no trace ot oTa yhit was for nd 
either in the weld iffected Zones. we ld metal or in the weld- 


unaffected base metal Che latter appeart l to be totally 


I 
unchanged by the long Service See Figs ae ind Zo). In the 
M Quaid-Ehn test. this teel reve iled a medium to fine eTaln 
size and normal structure (see Fig. 26 Phe ime steel was 


subjected to a creep-rupture test at 950 F under a load of 
20.000 psi which test lasted 1.3 vears. The specimen which 
contained a weld in the middle of the gauge length, was subse- 
yu ntly examined and likewise was found free from graphite 


formation 


Plant K 

Another intermediat tvpe steel. which reportedly had be 
deoxidized with 0.5 lb aluminum per ton and which showed 
in the McQuaid-Fhn test a medium grai ze and only very 
slicht abnormalitv (see Fig. 29) behaved differently in service 
This steel, designated as “K”, was re present 1 by a pipe which 
had been annealed at 1650 F, followed by low furnace cool 
ing. The welded joints of this pipe were made \ ith 300-400 F 
preheat and subsequently were stress-relieved at 1150 te 
1200 F. After about two year ervice at an erage tempera 
ture of 975 F, the pipe was discovered to be uniformly graphi- 
tized. Graphite occurred as randomly scattered nodules not 
only in the weld-affected zones, but also in the weld-unaffected 
base metal (see Figs. 30 and 31). No graphite was found in 
the weld metal. The predomi intly spheroidized condition of 
the pipe structure deserves parti ular attention 

The examples of steels “C”’ and “K” have demonstrated that the 
intermediate type of steel exhibit in uncertain behavior with 


respect to graphitization, that is, its behavior cannot be pre- 


dicted with any degree of probability. The ambiguous character 
of this type of steel is also reflected in it McQuaid Ehn char- 
acteristics which are on the border line between those of the 
clear-cut normal and the clear-cut abnormal steels, Two exam 
ples of the abnormal tvpe of teel have been shown as repre 
sented by steels “S” and “F 

The following shows the behavior of totally normal steel 
that is, steels which received in the deoxidation practice either 
a very small amount of aluminum sai below 0.5 Ib per ton 


or ‘\o aluminum at all: 


This case concerns a pipe made from a forging steel 
deoxodized with 0.11 Ib 
McQuaid-Ehn characteristics are 
that the grain size is coarse to medium and the 
ture totally normal. This pipe had been 
1950 F, followed by slow furnace cooling 


rvice at 950 F with six 


no graphite could be detected either 


in the weld-unaffected base metal o1 


» represents a header (Steel 


with .25 lb aluminum pi 


steel, depicted in Fig. 34 


935 to 950 F without an 
either in the weld-aff d 

or weld metal. The heat 
tallatic consisted of a normal 

draw at 1200F. } 

th veld-afl ted L the 
lare { low 

of Pla S 

COI he 

lled steel wit » al 

| McQuaid-l 
trated | ) \ 

{ carbide st re t 
impled d exa 1 after 
iture of 925 to 950 F. N 
r in tl weld-aff ted 

x weld metal. 7 les 
1 drawn lition 
ther headers of this type 
lust t} hel r ot 
lwhde teel tub. 
ler the foll 
0501 les 
1050-1070 I 
urs at LOSO-1100 } 
the McQuaid-Ehn test, the tube 
grained and normal e¢ 
try of t tul iS a 

( My i 

13 16 0 025 

17 42 O31 

17 15 ] ) 031 


hstanding the high te mper itures 


{ 


id been operating, none wer found to contain graphite 
licrostructure of tubs lM, and TM 
di plaved onh sphe roidization and coalescence 
mi of tube TM 
se tubes had been welded 


cribed examples will suffice to illustrate the grap! 


the 


of t 


istant behavior of the so- illed normal type ot 


latter i ill the more significant since most of these 
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shown in Fig. 


at which these t 
depicted in Figs 


was similar to that 


rer laily swings up to 990 | 
i fected base metal is shown in Fig. 33 
Plant SH 
This cass made from 
deoxodized ton. The McQuaid 
| grain size header was 5% vear 
servi ition of grapl 
bas« ent ot the he 
prio! ing at 1650] | 
lowe iH show the I 
stru ld-u if 7 | 
fe The tically the sa 
= | 
le trom a 
silic ion in the de 
tion iracterist ot 
te¢ rain size is me I 
“CC r hive Cal el 
fou the weld-unafk 
# mat id been in the 
mal 
; 
nd which cont 
Pla 
Th in. O.D. x 
4 LD had heen opel t 
in ¢ mdition 
Tul Vy 
f 2080 psi 
f 1860 psi 
mes I found to be oa 
Sn to 1 39, 40, 42 and 4 i 
Che VS 
3 Ni M Al 
Tul 61 61 002 
rub 18 .48 .000 .007 
ti 
-ation-res 
he 
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welded to other steels of the high aluminum type which McQuaid Ehn = case tructul of th 
re found gr iphitized under identical conditions normal 
l! the foregoing cases have dealt with wrought steels only P 
nber of carbon-molvbdenum steel castings have also been Discussion of Service Results 


lined and studied by the authors with r pe t to then 


» 
Summaril it may he tated that th 
\itization behavior in service. In gener il, ca tings followed dit { 
me rule as demonstrated for the wrought materials, i« = 
found gvravhitiz hich-aluminum deoridized 
found ed wert high-a i l d } orm ti Ou ed 
castings of normal ty of steel have be« found witl ‘ Hed 
te. To give a tair pictur t the cast it must 1 
t sé ral ial teel { ( ip Over 4 
foll ire typ il castir 


casting “U”" was welded to a pipe 


hitized in the weld-affected zone. This casting was totally bars 
rmal and fine-grained in the McQuaid-Ehn test (see Fi 

1 1 
ind ! id the following analysis 1, 
30 C, .89 Mn, .43 Si, .022 P, 0275. 50M 
to installation in service, the casting had be double to be a relatively qui id sufficient! I 
lized from 1750 F and 1550 F, respectively, followed by  gaphitizing tender a steel 
er ore half w is at 875 to } nad the ren nader ertal 
00 to vit wings up to re led pect to the irbor lvbd 
t the | erature rn n of tl | 1 the Widma t 
crattered n the iter sect wall exhibit in the rburized 
rt of the ly] thy ted hod id il rl 
Fj 5 16 The Op] te tt ist tl 
tize in the eld ill t d It lent t lir | 
r tatt pearlit t he } rve } t I Witl i 
Iwhdey 1 steels which prol ib] ré f rail 
VA 1 therefore cool in air at a faster rate bide « re ‘ 

2% 


An example of an intermediate type of cast steel] ‘ Laboratory Graphitization Tests 


I pr 
ted hy casting \ whose McQuaid-Ehn case () the ha f +h, | ] 
ra duph d irried it id the { 
int] il. Some mes exhibited s] t | rmal ] t rranhitiz +} | ] f 
srap ‘ 
i ( \ va trom i ter eC! thie ty 
t 35 | to 9 \ irl bak 
e il inum abnormal tvpe which ‘ to 
rat i n severely graphiti ed le lation type f stecl. Le. « wil be 
e, chemistry and heat treatment of casting “\ prior to amounts of aluminum v hetw O° 
t ire not | wi } 
The fir t oh 
( \ ther ise of an intermediate tvpe of « O had killed and #} lov | I 
ul 
d ed medium amount of aluminum in t deoxidat ! ] } 
tice } ven | t \\ Its McO id-E] har- 
| ote tl d t 
oT nost total nor t I spect to the third ol } 
casting was tree from graphite after six vears service at a 14 Led } 
007 as the representative microstructure in the weld-affected the result their erpretat } 
and the weld-unaffected metal, depicted in Figs. 49 and 1] 
0, show. It is again worth noting that the pearlite structure 
29 ates a relatively slow cool ng rate although it was known 
> 
it this casting had been normalized prior to installation. Graphitization Tests with Repeatedly Arc-Welded 
ie 
A number straight silicon-deoxidized castings reported 
vat I 


Specimens of Three Types of Carbon- 
th no aluminum additions which wer part of an installation 


ung at 915 F, were ample d and examined after 4% year 
“3 rvice and were found free from grap! ite. Other carbon hese tests wer pr ted bv tl b t 
{ lvbde num steel parts of the high aluminum typ yoine d to t 1 manv of ¢] im rial pp t 
castings by welding, were found severely. graphitized. Th inere | at locations where the | tl 
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was tot 
AU materials were alwavs totally normal and rse » medium 

row d in the MeQOnuaid test. S ] ne ] 
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weld beads, forming the so-called “eve-brows”*, intersected 
in the low-temperature region of the weld-affected zones. It 
was concluded therefore that rept ated super-imposed welding 
cycles tended to promote gt iphite formation. This led to the 
following tests 

“pecimens of the three types of carbon-molvbdenum steels 


pt viously described were rept itedly are -welded with irbon- 


molvbdenum steel electrodes and subsequently 


charcoal covered ke ad bath, 


pl iced in a 
1000 F 


which was maintained at I 


for purposes of graphitization Che specimens consiste d of short 


round bars, | in. in diameter and 3% in. long, with a circum- 
ferential weld groove 


distance of 1% in 


bead the 


restore the 


16 in. wide and % in deep at a 
After the deposit n ot 
taking care to 
Che char 


microstructural condi 


from one of the ends 


weld metal was machined out 


weld groove In its exact origin loc 


acteristics of the steels emploved their 


tion as a result of previous history or heat treatment, the 
number ot welding cevcles emploved and the results obtained 


are given in Table ] 
A. taken 


zone of a service pipe of a high-aluminum deoxidi 


Specimen from the 


graphitized forge-spheriodized 
zed steel 
showed a continuous gradual increase in the size of the already 
existing graphite nodules. No new nodules seemed to have been 
formed (see Fig. 51). 

Specimen E, taken from the non-graphitized upset part of 
thereby 


displayed incipient graphite formation in the low- 


the same pipe and normalized at 1650 F rendered 
fine-grained 
temperature region of the weld-affected zone after 1700 hours 
The size of the formed nodules was substantially increased after 
3000 hours (see Fig. 52). 

Specimen F, again from the same pipe, but from the graphi 
1650 F 
whereby the existing graphite was dissolved according to micro- 
evidence—began to show in ipient graphitization in the 
ifter 83 


tized forge-spheroidized part, and normalized at 


scopK 
low-tempe rature weld-affected zone 3 hours. The size 
of the formed nodules increased rapidly with time at tempera 
ture (see Fig. 53). 

Specimen G, still from the same pipe, but from the not 
graphitized coarse-grained upset part and left in the as- 
found to 


graphite nodules in the low-temperature weld-affected zone 


received condition, was contain numerous small 


after 830 hours. These nodules grew rapidly as time went. on 
(see Fig. 54) 
another, but otherwise identical 


taken from 


pipe, representing the graphitized forge-spheroidized zone and 


Specimen H, 


normalized at 1700 F whereby, according to microscopic exami- 
nation, the graphite was dissolved, revealed the first appearance 
of graphite in the low-temperature weld-affected zone after 
830 hours. The size of the nodules again increased rapidly with 
time and was quite large after 3000 hours (see Fig. 55 

The intermediate type of steel, represented by specimens B 
ond C, and the straight silicon-killed steel, Specimen D, failed 
to show any indication of graphite formation, notwithstanding 
the 20 and 50 times superimposed welding cycles. 

From these results the following deductions were drawn: 

1 Under given conditions, only a certain number of gra- 
phite nodules are formed and graphitization thereafter con- 
tinues by carbon deposition on the existing nodules at constant 
subcritical temperature (Specimen A). 

2 Increasing the number of superimposed welding cycles 
seems to accelerate the formation of graphite (Specimen E vs. 


Specimens F and G). 


ASME 


° This term is described and illustrated in Emerson's Paper. 
1943 Joint High-Temperature Meeting 
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3 In the case of abnormal steel, the first appearai 
visible graphite in the weld-affected zone of fine and 
grained steel seems to take pla e within about the sam 


However, coarse-grained steel appears to form a larger 


of small graphite nodule while fine-grained steel f 
11 
smaller number of larger nodules. Coarse-grained steel ay 
to be mort prone to form hain graphite than fine-grain¢ 
| 


(Specimen F vs. Specimen G 


{ He iting ind cooling a rraphitization Sensitiv¢ 
through the A, transformation temperature seems t p B 
the formation of grap! ite 
5 The straight silicon-killed normal type of steel a 
possess a very high resistance to graphitization 
6 Intermediate typ steel] possess a higher r ta 
graphitization than abnormal teels Che McQuaid i] t 
per! ips not as accurate isurement of their grap! 
tendency i» needed IT} th 


Graphitization Tests with Repeatedly Spot-Welded 
Specimens of Three Types of Carbon- 


Molybdenum Steel 

In the pre\ iously described tests with re pe itedly arc-we 
specimens the heatin r and co ling rates during welding 
slow. In order to examine the effect of fast rates of heat Pipe “S” 
cooling, similar graphitization tests were conducted with a s 
welded specimens of the three types of « irbon-molv! Pipe $4 
steel. The characteristics of the steels. the welding 
ind the results of prol nged ¢ sposure to 1000 F in a cl 
covered lead bath are summarized in Table 2 

The specimens consisted of small discs of 1 in. dias 
Spe imens Nos. 1 to 5 were % in. thick. while specimen 
was only 4 in. thick Specimen No. 7 was specially dé 
to produce a higher stress concentration in the weld 
zone. For this purpose, this specimen, which was I! 

1% in. thick, contained on opposite sides % in. dia. x 

holes into which the electrode tip could be inserted. The ef 
tive thickness at the center of the specimens was theref 
one-half inch 

These discs were placed between the electrode tips 
spot welding machine and subjec ted to a number of 
impulses as given in Table 2. Each specimen received fir 
high current impulses of 15,000 amperes (8 cycles) and 
additional impulses of 12,900 amperes (8 cycles). These curt 
impulses were not de signed to produce fusion, but t Spec, 
heat surges which would heat the surface layer of the ] 
mens to well above the upper transformation temperature é 2? 
electrodes employed were % In. in diameter and water! 

A study of Table 2 shows that 4 

1 only the high-aluminum deoxidized steel graphiti 4 
Figs. 56 to 58) 

2 the part of the metal which was heated and « 5 
through the A-1l transformation appears to be sensit 6° 
graphitization. 

3 the intermediate tvpe of steel, although medium-e 7* 
and slightly abnormal in the McQuaid-Ehn test, seems t aie 
much less sensitive to graphitization than the high-alum Reenfo 


deoxidized, totally abnormal steel 


4 the straight silicon-killed steels possess a high resist "** See It 
to graphitization even under the severe conditions and « 
not be induced to graphitize even under the effect of 50 si 
imposed welding cycles. ie 
A comparison of these results with those obtained with Pipe "Sd 
repeatedly arc-welded specimens confirms the relative grap! Plate “X 
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TABLE 1 


Repeatedly Arc-Welded Specimens 


(1” round x 34 long with circumferential weld 1%" from one end) 


Deox. with Number of Gr while” * after 
Cre Material Ib Al fon Weld C ycles 833 hr 1717 he 3000 hr 
Service Pipe "'S 1.8 reased r ed eased 
Forge-Spher. Zone, as-rec 
8 Plate “X-1", 1650 F/Air >” 10 none none e 
Plate "X-1", 1650 F/Air 20 none one 
Plate "X-2 A 1650 F/ Air none 50 none none 
Service Pipe "S” 1.8 5 yes creased n ed 
Upset End, 1650 F/Air 
Service Pipe “S” 1.8 10 yes incre j eased 
Forge-Spher. Zone, 1650 F/Air 
Service Pipe “S” 1.8 10 yes increased ncreased 
Upset End, as-rec. 
Service Pipe "S4/7” 1.8 12 yes increased ncreased 
Forge-Spher. Zone, 1700 F/ Air 
me addition of another powerful deoxidizer 
strations Figs. 51 to 55 
McQuaid-Ehn 
& Mn Si P S Mo Grain Size Normality Illustration 
Pipe “S” ASD 55 16 .012 .026 54 8 Abn. (Type II/Ill) Fig. 16 
Plate “X-1" 18 eg .23 .012 024 43 7-8 Abn. (Type it) Fig. 68 
te “X-2" 20 .019 .013 1-2 (some 3) Norm. (Type Fig. 69 
Pipe $4/7" =e 45 14 .012 .026 53 6-7 Abn. (Type Ill) Fig. 70 
TABLE 2 
Repeatedly Spot Weld—Heated Specimens 
(Dises. 1” dia. x Ya" thick) 
Deox. with Number of Graphite*** after 
Spec Material lb. Al /ton Weld Cycles 840 hr 1630 hr 3000 hr 
] Plate "X-2", 1650 F/Air none 20 none none none 
2 Service Pipe “S4/7" 1.8 20 yes increased increased 
Forge-Spher. Zone, 1650 F/Air 
3 Plate "X-2", 1650 F/Air none 10 none none none 
“ Service Pipe "S4/7" 1.8 10 yes increased inceased 
Forge-Spher. Zone, 1650 F/Air 
5 Plate “X-2", 1650 F/Air none 50 none none none 
6* Service Pipe "S4/7" 1.8 10 yes increased increased 
Forge-Spher. Zone, 1650 F/Air 
ini Plate “X-3", 1700 F/Air 1 20 none none none 
Specimen only thick 
** Reenforced Specimen 1/2” dia. x 12” thick with 2” dia. x Ya" deep holes on opposite sides 
Note: Each specimen received first two impulses of 15,680 Amps (8 cycles) and then repeated impulses of 12,870 Amps (8 cycles) each 
*** See Illustrations, Figs. 56 to 58 
McQuaid-Ehn 
Mn Si P Mo Grain Size Normality Illustration 
Plate “X-2" .20 .84 ae .019 .023 49 1-2 (some 3) Norm. (Type |) Fig. 69 
Pipe "S4/7" 45 14 .012 .026 6-7 Abn. (Type Ill) Fig. 70 
Plate “X-3" 16 82 47 .020 .027 48 6-7 Slightly Abn. (Type Il) Fig. 71 
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zation tendency of the abnormal and the other two types of 


steel, but fails to indicate fundamental differences due to the 


increased heating and cooling rate 


Graphitization Tests with Single Spot Welds of Three 
Types of Carbon-Molybdenum Steel 


While the previous experi wnts ce scribe were primarily 
concerned with the effect of repeated heat surges under rela 
tively slow and relatively fast conditions of heating and cooli 
spot welds now to b 


the graphitization tests with sing! 


reported were made for the purpose of investigating the effect 


of quantitatively controlled heating and cooling conditions uy 


the graphitizing tendency of — th three types or cal 


hor 
] 
steel emplover 


molvbdenum steels. The characteristics of th 


the welding conditions and the results of exposure to 1000 |] 
in a charcoal covered lead bath é vain summarized in table 
form (see Table 3). 

The specimens were prepared tl plate ect ) il 
in. *” In, On a spot-welding machine which permits automat 
preh iting welding and drawing ot ¢ ich weld rapl ik 
recording time and current conditi¢ Phe welds were mad 
each tvpe ot steel, one weld remaining in the as-welded cond 
tion while the other weld was » short sti rol 
treatment. The general aim was to preheat the specimens to 
300 to 400 F, weld and cool rapidly. In the case of the str 
relieved sampk Ss. an attempt was made to cool the weld to 


appt ximately 400 F and then reheat the fused nugget to 


250 F. 


Phe following results were observed 

| Only the high aluminum de dized typ f steel o ip! 
tize ] 

2 The first visible rraphit formed faster in the stress- 
relieved : ampli No. 7 

} The intermediate type of steel, medium-grained and 


slightly abnormal in the McQuaid Ehn test, proved to be re- 
sistant to graphitization in this test 
The graphitization resistance of t 


' im rait 
srect Was Connhrmea adgall. 


Graphitization Tests with Spot-Weld Fused and Chilled 
Single Discs of Two Types of Carbon- 
Molybdenum Steel 


It has been known for several years that the rate of graphiti- 
zation of white cast iron is greatly increased by prior quench- 
ing. The same effect of a pr ceding quent hing treatment from 
austenitizing temperatures upon the subcritical graphitization of 
hypereutectoid steels was observed by Austin and Norris 
These authors ascribed this effect to the resulting high degre 


of carbide dispersion and to a critical amount of strain pro- 
duced in the steel. This suggested examination of the effect of 
a severe weld quench upon subse juent subcritical grap| itiza- 


tion. For this purpose, specimens wer prepared by fusing the 
center of 1 in. dia. by in. thick discs of a straight silicon- 
killed and of a high-aluminum-de« sidized carbon-molyhbdenum 
steel respectively, between the water-cooled tips or a spot- 


welding machine. The current impulss applic d heated tl 


of the discs from cold to fusion within 1/15 sec., 2/15 sec. and 
1/5 sec., respectively, the specimens then being cooled to room 
temperature within one second. The fused nugget was sur- 
rounded by a martensitic heat-affected zone which changed so 


abruptly to the unaffected metal that some of the pearlite 


® Trans. A.S.M., v. 30 (1942), p. 425. 


WELDING RESEARCH SUPPLEMENT 


islands in the contact zone were half martensiti I 
troostitic-pearlitic (see Fig. 62). The pre pared discs were 
heated in a charcoal covered lead bath, maintained at I( | 
Table 4 shows the characteristi of the steels, the 
conditions and h tizat ft t It 

The specimens were microscopl ily examined after 


O00 1500 and 6000 how t 1000 | but failed to vi 


indication of th | sence of graphite within 4500 hou 
ing time. After 6000 hour a few isolated small o 
nodules were observed in the abnormal steel (see Fig 
The straight silicon-killed steel displaved onlv carbid 
ation in situ, while the hig! num-deoxidized st 
h | diffuston of the irbid the rain boundat 
carbide coal Fi 1 64 Inasmucl 
ime tvpe of st th slow rat of coolir had 
been found ¢graphitized within a much shorter time. 
most ca exclusively in those zones which, during the pr 
otf welding or during a pre ling heat treating operator 


been heated and cooled through the A, te mperature, the 


ing the A, allotropic transfor Should this | 
case, then the experiments just d ribed could b inter; 

eanl that extremely fast rat f cool; throu 
a, f erature hit not 1 va e the ensitivit to the 
tion of Grap! ion 


Graphitization Tests with Three Types of Carbon- 
Molybdenum Steel Isothermally Transformed ai 
Various High and Low Temperatures 


Its of these tests led the auth to explore the 
of isother | tr tor t t var high and low te 
tur tl berit phitization of thre 
carbon-molybdenum steel as represented by a high-al 
cle | tr ht silice killed teel and 

toe] , 0.70 per ce it chromium \ nh wa 

cle dized t t ladle addit of 0.44 Ib al num 7 
Che « of the thr t the ti ut 
peratures em] ed and tl rap tion result bt 
sumn Table 5 

vere heated in a lead bath to 1700 F, held for one-half 
and then quenched into the ] othermal bath The holding t 
in the latter were taken from the isothermal transformati: 
gram for the 0.5 per cent n Ivbdenum steel devel p 
described by Blanchard, Parke and Herzig in Tran \ | 
v. 29 (194] pp 117-338. The graphitiz tion tests wer 


conducted in a charcoal covered lead bath maintan 
-1000 

The straight silicon-killed steel and the chromium-cont 
steel did not graphitize at all and will be omitted from fi 


ciscussion of this test. 


small specimen size it was kk und quite 
ults quantitatively lLlowever, it ipp 
vat transformation at 1250 and 1200] 
duced more graphite noduies than transformation at an 


lower temperatures. The growth of the nodules at the o 


quate distinct t 


zation temperature (1000 F) was very irregular and sex 

be influenced by segregation o1 inhomogenity phenomena » 
zones showed graphite and others did not. It was also ob 
that graphite nodules were more numerous and grew f{ 
when they were located between clusters of non-metallic i 


sions. 
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TABLE 3 


Single Spot Welds 
(Specimens 32" x 32" x %" welded together 


Deox. with Graphite* after 
ec Material Ib. Al /ton Condition 1000 hr 2000 hr 3000 he 
é Plate “X-2", 1700 F/Air none Stress-Rel. none none none 
7 Service Pipe "$4/7" 1.8 Stress-Rel yes increased increased 
Upset End, 1700 F/Air 
8 Plate 6 1700 F/Air l Stress-Rel. none none none 
9 Plate "X-2", 1700 F/Air none As-Welded none none none 
10 Service Pipe "S4/7' 1.8 As-Welded none yes increased 
Upset End, 1700 F/Air 
11 Plate “X-3", 1700 F/Air | As-Welded none none none 
* See Illustrations, Figs. 59 and 60 
McQuaid-Ehn 
Mn Si Mo Grain Size Normality INlustration 
Plate “X-2' .20 84 23 019 .023 AY 1-2 (some 3) Norm. (Type | Fig. 69 
Pipe “S4/7" 11 45 14 .012 .026 53 6-7 Abn. (Type Ill Fig. 70 
te “Kas” 16 .82 47 .020 .027 48 6-7 S ghtly Abn Type ll), Fig 7 | 
TABLE 4 
Discs with Spot Weld—Fused and Chilled Cores 
(Specimens 1” round x Ys" thick) 
Deox. with G e* ofter 
Spec. Moteriol Ib. Al /ton Amps Cycles 1500 hr 3000 hr 6000 hr 
1A Plate "X-2", 1675 F/Aijr none 43,700 4 none none none 
1B Plate “X-2", 1675 F/Air none 35,400 8 none none none 
1c Plate “X-2", 1675 F/Air none 32,200 12 none none none 
2A Service Pipe "S4/7" 1.8 43,700 4 none none little 
Upset End, as-received 
28 Service Pipe “S4/7" 1.8 35,400 8 none none little 
Upset End, as-received 
2Cc Service Pipe "S4/7" 1.8 32,200 12 none none little 
Upset End, as-received 
3A Service Pipe “$4/7" 1.8 43,700 4 none none little 
Upset End, 1700 F/Air 
3B Service Pipe "54/7" 1.8 35,400 8 none none little 
Upset End, 1700 F/Air 
3C¢ Service Pipe “S4/7" 1.8 32,200 12 none none little 
Upset End, 1700 F/Air 
* See Illustrations, Figs. 63 and 64 
McQuoid-Ehn 
Mn Si P Mo Grain Size Normality Illustration 
Plate “X-2" .20 .84 .23 019 .023 AS 1-2 (some 3 Norm. (Type | Fig. 69 
Pipe "S4/7" WW 45 14 012 026 53 6-7 Abn. (Type Ill Fig. 70 
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Spec. 


SP-1250 


$P-1200 
SP-1000 
SP-800 
SP-600 
SP-500 
SP-300 
SP-200 
SP-1650W 
SP-1650Br 


HB-1250 
HB-1200 
HB-1000 
HB-800 
HB-600 
HB-500 
HB-300 
HB-200 
HB-1650W 
HB-1650Br 


28-1250 
2S-1200 
2S-800 
28-600 
28-500 
2S-300 
28-200 
2S-1650W 
2S-1650Br 


Pipe "S4/7" 
Plate “X-5" 
Plate "X-4" 


Spec. 
A1250 


A1300 
A1350 
A1400 


B1250 
B1300 
B1350 
B1400 


TABLE 5 


Tests with lsothermally Transformed Steels 
(Specimens x x 1/32") 


* See Illustrations, Figs. 65 and 66 


Pipe “S4/7" 
Plate "X-5" 
94-s 


Deox. with Transform Graphite after 
Moterial Ib. Al /ton Temp. F 1500 hr 3000 hr 6000 
Service Pipe "S4,7" 1.8 1250 medium increased increased 
Upset End, 1650 F/Air 
Upset End, 1650 F/Air 1.8 1200 medium increased increase 
Upset End, 1650 F/Air 1.8 1000 traces segregated increased 
Upset End, 1650 F /Air 1.8 800 traces segregated increased 
Upset End, 1650 F/Air 1.8 600 traces none tome 
Upset End, 1650 F/Air 1.8 500 none none none 
Upset End, 1650 F/Air 1.8 300 none little increased 
Upset End, 1650 F/Air 1.8 200 traces little some 
Upset End, 1650 F/Air 1.8 1650 F/Water none none some 
Upset End, 1650 F/Air 1.8 1650 F/Brine none segregated segregated 
Plate “X-5", 1650 F/Air none 1250 none none none 
Plate “X-5", 1650 F/Air none 1200 none none none 
Plate “X-5", 1650 F/Air none 1000 none none none 
Plate “X-5", 1650 F/Air none 800 none none none 
Plate X-5", 1650 F/Air none 600 none none none 
Plate “X-5", 1650 F/Air none 500 none none none 
Plate “X-5", 1650 F/Air none 300 none none none 
Plate “X-5", 1650 F/Air none 200 none none none 
Plate "X-5", 1650 F/Air none 1650 F/Water none none none 
Plate “X-5", 1650 F/Air none 1650 F/Brine none none none 
Plate “X-4", 1650 F/Air 45 1250 none none none 
Plate "X-4", 1650 F/Air 45 1200 none none none 
Plate "X-4", 1650 F/Air A5 1000 none none none 
Plate “X-4", 1650 F/Air 45 800 none none none 
Plate "X-4", 1650 F/Air 45 600 none none none 
Plate “X-4", 1650 F/Air 45 500 none none none 
Plate “X-4", 1650 F/Air A5 300 none none none 
Plate “X-4", 1650 F/Air 45 200 none none none 
Plate “X-4", 1650 F/Air 45 1650 F/Water none none none 
Plate “X-4", 1650 F/Air 45 1650 F/Brine none none none 
McQuaid-Ehn 
= Mn Si P S Mo Cr Grain Size Normality Ilustration 
45 14 .012 .026 | 6-7 Abn. (Type Fig. 70 
sae .83 19 .034 .026 49 _ 1-3 Norm (Type !) Fig. 73 
.26 .56 .32 — — 46 69 4-5 (some 2) Norm (Type |) Fig. 72 
TABLE 6 
Specimens Quenched from Temperatures near the A; Point 
Deox. with Graphite* after 
Material Ib. Al /ton 1500 hr . 3000 hr 4500 hr 6000 hr 
Service Pipe "S4/7" 1.8 none none in segreg. zone in segreg. zone 
Upset End, 1650 F/Air 
Upset End, 1650 F/Air 1.8 none none in cold worked edge none 
Upset End, 1650 F/Air 1.8 none in segreg. zone in segreg. zone in segreg. zone 
Upset End, 1650 F/Air 1.8 none uniform, small uniform, increased uniform, increased 
Plate “X-5", 1650 F/Air none none none none none 
Plate “X-5", 1650 F/Air none none none none none 
Plate “X-5", 1650 F/Air none none none none none 
Plate “X-5", 1650 F/Air none none none none none 
McQuaid-Ehn 
Cc Mn Si P S Mo Grain Size Normality IMustrati 
1 45 14 .012 .026 .53 6-7 Abn. (Type Ill) Fig. 70 
17 .83 19 .034 .026 AY 1-3 Norm. (Type 1) Fig. 73 
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test results obtained indicate that graphit zation in the L ilybdenur ter t ‘ ent 
luminum-deoxidized steels may occur at subcritical tem had been added. The di lat 
ires following transformation at various temperatures, i. with fer ilico la t 0.4 | t 
tive of rat at whic h the steel had « led to whi ted total M } | 
re to the subcritical iphitizing temperature lLlowever experiment tee] 
lation at higl ratures which in practice mount whi tte! bk 
‘ oli eems to favor nucleation ect ed 
ed 
Graphitization Tests with Two Types of Carbon- °“ cant 
ed Molybdenum Steel Quenched from Temperatures wr 
‘ tre i; j ; | 
Just Above and Below the A, Point 
s been | ite 1 n previous occa or t the prefer + ‘ 
thoug! ly irre ce of ray ‘ +} 
ted rature 1 f the h ilfected t 
1 form phite in is] 


ited to temperatures in the vicinity of the A, point as. Effeet of Creep Testing at 950F under 10,000 psi 
upon the Graphitization Behavior of a High- 

Fawn the initiation of graphitization. In order to thr denum Steel in Various Conditions 

light on this question, the authors quenched specimen of Heat Treatment 


} lumini deoxidized and of i Straight kill 
from 1400, 1350, 1300 and 1250 F, respectivel t woh, 
rine mixture and then heated them in ‘chan overed 
bath, maintained at 1000 F, fo purposes of tion 
rding to the microscopic evidence, the A, t1 tion 
perature of the steels employed was betwer 1350 a 
)F. The specimens, which were % in. x 4 in, x % wert ; 
at the quenching temperature for one-half hour. A ; | 
of the characteristics of the two steels, of the test ra ed | ; 
itic the results obtained is given in Table ¢ 
I from. the tr led ste "a 
' 
d iphite formati i tal |} li ‘ 
on t L000 F of 6000 | ! 
first apy of graphite format qi 
ninum-deoxidized steel was noted Iter I t! 
ples quenched from 1400 F and 1350 F, respectively. The 
hite in the 1400 F-quenched pecin 
lomly scattered small nodules, while that the 50 | noe 
ched sampl curred only in localized zone nd inter 
d wit! non-metallic inclusions, suggest f | ne ~~ 
promoted by local segregati: 
After 4500 and 6000 hours, graphite was found in all speci- ‘ N t treatment. M 
but, with the following differences: In the 1400} 
hed pecime graphitization was again uniform. that 
iphite occurred throughout the body of the ! 
domly ttered small nodules (see | ig. 65 In the samph \ { , 
hed from 1350, 1300 and 1250 F, respectively, graphité 50 | 
found only in a localized zone amongst a cluster of n , | 
etallic inclusion | 66 
These re It ertainly indicate the po sibility that the all : ; 
pic transformation at the A point favor graphite nucleation Che characterist the ste 
als« how that other factors uch as se Tregatior phen m- the ilts obtained re ’ i lat r 
t and strai may exert a powerful influence upon ubcritical creep values which ar nsidet ' 
raphitization du » tl short time a the | 
f it fact is ni 
Graphitization Tests with a Chromium-Stabilized t graphic formation, alt 
Conditions of Heat Treatment Med 
pee | t 
The stabilizing influence of chromium with respect to carbid warranted that | ‘ ' 
isassociation } well known from the tbleizi proce ind in indu rap] i ition thar thre 1 the 
as led the authors to examine the graphitization resistance of \, temperature 
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TABLE 7 


Tests with Chromium—Stabilized CMo Steel 


Deox. with Type Post Heat 
Spec Material Ib. Al/ton Electrode Preheat F Treatment 
1X Plate “X-4 5 Standard CMo 250 1150 F/Fee 
1Z Plate 'X-4 45 Standard CMo 250 1700 F/Fee 
1GN Plate “X-4 45 Special CMo+Cr 400 1700 F/Air 
1GND Plate "X-4 45 Special CMo+Cr 400 1700 F/Air- 
1250 F/Fee 
Cc Mn Si P S Cr Mo Grain Size 
Plate ‘X.4" .26 56 32 —_ 69 46 4-5 (some 2 
TABLE 8 
Creep Tests with Specimens from Upset End of Service Pipe ‘ 
After Various Heat Treatments 
Spec Condition Temp. F Stress, p.s.i Duration, hr 
269-1 As-Received 950 10,000 2380 
269-2 As-Rec 1700 F/Air 950 10,000 2250 
269-3 As-Rec. + 30 hr at 1300 F 950 10,000 2450 
269-4 As-Rec. Ya hr at 950 10,000 2000 
2200 F/ Fee. 
269-5 As-Rec. 2200 F/Fce 950 10,000 201¢ 
30 hrs at 1300 F 
269-6 As-Rec. + 1700 F /Air 950 10,000 2020 
30 hrs at 1300 F 
. Mn Si P S Mo Grain Size 
Service Pipe 55 .026 54 8 
TABLE 9 
Creep Tests with Arc-Welded Intermediate Type of CMo-Steel 
with Various Post Weld Treatments 
Temp. 1000 F—Stress 5000 p.s.i. 
Post Weld Treatment Weld. Cycles Duration Creep 
Spec. Center Weld Shoulder Weld at Shoulders of Test hr % in 100,000 hr 
270-1 3 hr. at 1050 F As-Welded ] 3660 i 
270-2 1 hr. at 1150 F As-Welded 4 5520 | 
270-3 1 hr. at 1250 F As-Welded 3 3580 1.0 
270-4 1 hr. at 1400 F As-Welded 2 3650 y 
270-5 1700 F/Air + As-Welded 1 4140 1.5 
1 hr. at 1150 F 
* See Iilustration, Fig. 67. 
Meoterial S Mn Si P S Mo Grain Size 
Plate “X-1" 18 75 23 .012 024 43 7-8 
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Graphite after 
840 hr 3000 hr 60 

none none 

none none n 

none none 

none none 
McQuaid-Ehn 

Normality Ilust 
N 1. (Type | Fig 
Creep 
in 100,000 hr Gra; 
1.2 
6 rat 
one 
McQuaid-Ehn 
Normality illustrat 
Abn. (Type Il, lil) Fig 
Graphite* 

At Center Weld At Shoulder Weld 
none none 
none little 
none little 
none little 
none none 
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Graphitization Behavior of an Arc-Welded Intermedi- conclusion seems to be warranted that oP 
ate Type of Carbon-Molybdenum Steel with stress relieving treatment n 
Various Post-Weld Treatments, during or preven 


ert tee] 
Creep Tests at 1000 F CONCLUSION 
creep lest subse juently describe | were de signed a 
tization test for th purposs ot studying the behavior hi ! t 
intermediate type of carbon-molybdenum steel whi h had ck ribed 
ed in th deo idation pra tice 0.5 |b ilum per ton 
elt plus ome addition of a similarly effective d + | ( ane: © 
McQuaid-Ehn test, this steel displayed a fine grain siz 1 Abnor 
medium degree of abnormality Attempt to gray tize this ry p! 
ifter repeated arc-welding had been unsuccessful. To ture 1 e of 850 t 0 
it raphitizir itivity in more detail, the llowing Nor low irb teel I 
ere mad 1020 ‘ 
rmaliz d 1% in plate of the steel was cut int two flected 
and the lattes We Ice | tk rether using a 400 F pre he if ) Weld | 
tandard carbon-molybdenum steel electrod: The welded or preferential eflect, that thre of 
was then cut into five transverse weld sections which wer shows no mor | t t t t tal 
the foll eld treatment t 
1—St t 10501 Fu ( 
2 11501 ( 
1250 } | ( 
th 1400 F a ( 
1150 fur 
t specimens were then cut from these heat-treated weld re 
i nd rov | to creep oOupon d } th re 
Id located enter of e ng en ot 
houlders between the gauge length and the thr 1 end power Ci 
lso m tine ume diameter as tl th 
ind then built up with weld metal, 1 
nolybd t electrod foll \bnot 
hiected to the } 
‘| in I | { 
t 1000 | 
3 - ‘ ‘ Rep | ppl { 
he welding ot the houlders was carried out with the thre ugh the A. tra ror { nl 
mens partially immersed in water. The « pons were then n time at tl 
' h-machined ) Increased rate f heatine { 
each spe r d the enter of length e tor ot 
ld stress-relieved in the indi ited way and at each shoulder LO ‘ hel } I carl 
veld-affected zone from one or several uperimpose beads | 
the unstress-relieved condition. rraptoit ti I t 950 | 
\ summary of the test program together with the results rept ty 
ned, is given in Table 9. It will be noted that graphite has developed nhit tte SOK OOO | 
found only in the unstress-relieved heat-affected zones of pplied str f 5000 
houlder welds which had been made with repeat | weld 1] \ 
deposit Ihe heat affected zone of the eld 1 tl t to t 
enter of the gauge length as well as the we Ic uy iffected emperature nm to ‘ae 40) | 
il ot all specimens was found totally free from grap!) ite, which al 
Y graphit in the affected pecimens was locate 1 in the everely 
temperature end of th weld-affected zones and occurred 1? Nor lo ouy | | ect to rey ted 
ittered small nodules which were few in number and did hie 
permit safe quantitative appraisal see Fig. 67). However after 6000 
impression pre ailed that the nodules wer lightly more is of 
‘eld rous In spr mens No 2 and 3 which had been welded i M Ouai | te 
the shoulders four and three times, re pectively, than in 14 The McQuaid-l test 
imen No. 4 which had been welded only twice. crite n of the graphit 
i¢ results ot the se tests de monstrate that the intermediate nol bdent mm ste 
of steel which may be quite resistant to graphitization On the f the stud mad led 
ler conditions when the totally abnormal high-aluminum- coarse-grained rmal carb 
dized steel gr iphiti es readily, may form graphit under tion ot .4 to J 
ularly favorable circumstances. It is also apparent that team pla t anni ’ 
eated supe rimposed we Idi gv as well as the pre sence ot crit- ( irb le p! i I these | 
stresses may promote graphitization quite effectively. The steels showing abnor tv on t McO | test 
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Fig. 1~-McQuaid-Ehn Case of Steel K-20 
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Fig. 2--Microstructure of Steel K-20 Before Testing 


Fig. 3—Microstructure of Steel K-20 After Testing Fig. 
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Fig. 4—Microstructure of Carbon Steel Tube T, After 8*/, Years’ Service at 1000 to 1020° F 
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Fig. 5-McQuaid-Ehn Case of Carbon Steel Tube T, ‘ 
s Fig. 6—Microstructure of Weld Metal Joining Tubes T; and T, After 8°/, Years’ Service at 1000 to 1020° F. 3 
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Fig. 7 Microstructure of Carbon Steel Tube T, After 8°/, Years’ Fig. 10— Microstructure of Carbon Steel Tube T, After 8 
Service at 1000 to 1020° F. Service at 1000 to 1020° F. 


\ } \ ~ 
\ 
\ 
j 
; q = 
4 
/ - 
~ 4 
* 
. 
7 
3 4 
aA ) 


Fig. 8—McQuaid-Ehn Case of Tube T Fig. 11—McQuai id-Ehn Case of Tube T; Fig 


Fig. 9—McQuaid-Ehn Case of Tube T, Fig. 12--McQuaid-Ehn Case of Tube T, 
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Fig. 15—Microstructure of Weld-Unaffected Metal of Steel ‘‘B’’ After 12 Years’ Service at 850° F 
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Fig. 13—-McQuaid-Ehn Case of Carbon Steel ‘‘B”’ 

Fig. 14—Microstructure of Low-Temperature Weld-Affected Zone of Steel ‘'B’’ After 6 Years’ Service at 850° F ¥ 
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Fig. 18--Low-Temperature Weld-Affected Zone of Upset Part of Pipe ‘‘S’’ After 5'/, Years’ Service at 930 to 950° F 
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Fig. 16--McQuaid-Ehn Case of Service Pipe *‘S’’ 

t Fig. 17—-High-Temperature Weld-Affected Zone of Upset Part of Pipe ‘'S’’ After 5'/, Years’ Service at 930 to 950° F Fig 
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Fig. 19 Weld-Unaffected Upset Part of Pipe ‘‘S’’ After 5'/, Years’ Service at 930 to 950 
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Fig. 20---Forge-Spheroidized Transition Zone from Upset to Non-Upset Part of Pipe ‘‘S’’ After 5'. Years’ Service 
at 930 to 950° F 
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Fig. 21—Forge Heat-Unaffected Non-Upset Part of Pipe ‘'S’’ After 5'/, Years’ Service at 930 to 950° F. 
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Fig. 24--Weld-Unaffected Upset Part of Pipe ‘‘F’’ After 4'/, Years’ Service at 910° F. 
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Fig. 22--McQuaid-Ehn Case of Service Pipe ‘‘F’’ 
a” Fig. 23—Low-Temperature Weld-Affected Upset Part of Pipe “‘F’’ After 4'/. Years’ Service at 910° F. 
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Fig. 25—Non-Upset Part of Pipe “F’’ After 4'/, Years’ Service at 910° I 


Fig. 26-McQuaid-Ehn Case of Steel "'C 
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Fig. 27—-Microstructure of Steel ‘C’’ Before Service Fig. 28—Microstructure of Steel "'C’’ After 6 Years’ at 870° F 
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Fig. 29--McQuaid-Ehn Case of Pipe ‘‘K"’ 
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Fig. 30--Low-Temperature Weld-Affected Zone of Pipe ‘‘K’’ After 2 Years’ Service at 975° F Fig. < 
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Fig. 31-- Weld-Unaffected Metal of Pipe ‘‘K’’ After 2. Years’ Service at 975° F. 
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Fig. 34--McQuaid-Ehn Case of Header ‘SH’ 
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Fig. 32--McQuaid-Ehn Case of Pipe 
~ ' he an 
Fig. 33-—-Weld-Unaffected Metal of Pipe '‘DA"’ After 4 Years’ Service at 950° F. with Six Daily Swir gs Up to 990° F 


Fig. 35--Low-Temperature Weld-Affected Zone of Header Fig. 36—Weld-Unaffected Metal of Header ‘‘SH”’ After 5'/, 
after 5'/, Years’ Service at 935 to 950° F Service at 935 to 950° F. 
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Fig. 38—Microstructure of T 
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1050° F, 
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Fig. 40 McQuaid-Ehn Case of Tube TM; Fig. 41—Microstructure of Tube TM, Afte 
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Fig. 44-McQuaid-Ehn Case of Casting ‘‘U"’ 
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Fig. 45--Low-Temperature Weld-Affected Zone of Casting ‘‘U’’ After 5 Years’ Service, of Which Over One-H 
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Was at 875-900” F. and the Remainder at 900 950° F. with Swings Up t 


Fig. 47—-McQuaid-Ehn Case of Casting ‘'V’’ 


WELDING RESEARCH SUPPLEMENT 


» 980° F. 


FEBRUARY 


5 


194 


7 
Fig. 46 Weld-Unaffected Metal of Casting ''U’’ 
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Fig. 51 
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Repeatedly Arc-Welded Specimen from Service Pipe ‘'S,”’ 
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Forge-Spheroidized Zone 
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Fig. 52—-Repeatedly Arc-Welded Specimen from Service Pipe "'S,” Upset End Normalized at 1650° F Fig. 


Fig. 53—Repeatedly Arc-Welded Specimen from Service Pipe “'S,"” Forge-Spheroidized Zone Normalized ™* 


at 1650° F. 
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Fig. 54-—Repeatedly Arc-Welded Specimen from Service Pipe "S,’’ Upset End as Received 
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Specimen H after 830 hr.; « 1000 Specimen H after hr.; XX 
Fig. 55—-Repeatedly Arc-Welded Specimen from Service Pipe ‘S4/7,’’ Forge-Spheroidized Zone Normalized 
at 1700° F. 
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Fig. 56-—Repeatedly Spot-Weld-Heated Specimen (20 Weld. Cycles) from Service Pipe ‘‘S4/7,’’ Forge-Spher 
Zone Normalized at 1650° F, 


Fig. 57—-Repeatedly Spot-Weld-Heated Specimen (10 Weld. Cycles) from Service Pipe ‘S4 7,'’ Forge-Spher 
Zone Normalized at 1650° F. 
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Fig. 58 Repeatedly Spot-Weld-Heated Specimen (10 Weld. Cycles) from Service Pipe ‘'S4/7.’ Forge-Sp 
Zone Normalized at 1650° F 


© ‘ 
> 
— 
~ 
J 
2 
r 


> 


Fig. 59 Single Spot Weld, Stress-Relieved, with{Specimen from Service Pipe “4 7,'' Upset End Normalize: 
1700 
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Welded, with Specimen from Service Pipe "S4 7," Upset End Normalized 
1700° F. 


Fig. 60—Single Spot Weld, As- 
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Fig. 61--Macro-Etched Section Through Disc with Spot Weld-Fused and C 
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Fig. 62. Transition Zone from Heat-Affected to Heat-Unatfected Metal or Disc with Spot-Weld Fused Core 
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63—Low-Temperature-Heat-Affected Zone of Disc with Spot Fig. 64— Low-Temperature-Heat-Affects 
Weld Fused Core, Prepared from Experimental! Plate ‘‘X-2 Weld-Fused Core, Prepared fr 
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Fig. 65—-Specimen from’Service Pipe ‘'S4/7’’ Upset End Normalized at 1650° F.), Water-Quenched from 1400 


Fig. 67—Low-Temperature-Weld-Affected Zone in Shoulder Weld of Creep Test Specimen 270-2 
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Fig. 69—McQuaid-Ehn Case of Experimental Plate ‘‘X-2’ 
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Fig. 70—McQuaid-Ehn Case of Service Pipe ‘'S4/7"’ 
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Fig. 71.-McQuaid-Ehn Case of Experimental Plate ‘‘X-3 
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Fig. 73—McQuaid-Ehn Case of Experimental Plate "X65" 
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APPENDIX A 
CREEP DATA ON MATERIAL K-20 
By F. H. NORTON.* 
AcCURACY OF TEMPERATURE MEASUREMENT EXTENSION 
the completion of the test the three thermo oupl Ss were The total extension over the 10 in gauge length was ippI )Xi- 
r brated and were found to be within +3/5F of the mately % in. 
. il calibrations. The elongation in inches per in h, at 1000-hour intervals, is 


furnace and specimen were kept within an average of given in I able II and plotted in curve Fig. ] 
+1F or less of the main temperature. On rare occasions the 


d tion was +3 F maximum TABLE Il 
ConTINUITY OF TEST Specimen No. 224-1 | 7500 psi 
electric current was interrupted 17 times during the Hours Inches per Inch Hours Inches per Inch 
test. Nearly all of these occasions were due to circumstances 0 0003 39,017 0228 
1008 0021 40,002 2 
Des nd our co itrol suc h as power failure at source or failure 2016 .0030 1 0 0237 
. . or OOSE 12,018 0242 
in some part of the system which required shutting down our <008 0042 13007 024 
h in order to make repairs. 5016 0048 44,010 21 
6000 0053 256 
At 65.707 hours the furnace was shut off and allowed to 7008 0059 4¢ { 0260 
plete lv with the load still on the specimen. Thi: had 9000 r++ 0270 
to be done because of the fact that the weight pan was nearly 10,008 0074 49,004 0274 
11.016 OORO pA O275 
hing the floor. The load was then shifted entirely to the 12.000 0085 1,020 0282 
O08 00 52 004 028 
eam. This was done simultaneously by several people Che vert: rat] 13 099) 
furnace was then started up again with the load on the speci ty . 0102 24,02 VL99 
0108 ( 9 
men and the test resumed. The record of interruptions is listed 10 0113 f 03 
18.020 
lable 003 0124 ( ) 
20,011 | > 
TABLE | 21,000 0135 
0140 ( 0 
23,010 0146 0324 
Power INTERRUPTIONS 34° 000 0151 0327 
25.008 O157 f ) 0330 
1,024 hours Temperature low — broken f'ce bulb 26.016 0163 f 7 4 
Power oft 97 000 0168 
1.232 hours Changed from AC to DC (momentary lapse ) 298 008 O17 f ) O341 
l 496 hours Power off 10 minutes 9 O16 O178 RR Oo 0246 
2,354 hours Power off 4 minutes 0 000 ) 0350 
rs Power off hour 31.008 O188 103 
SS hours Power off 15 minutes O16 olf 7 ) 
20 hours Changed back to AC (momentary lapse) 3000 01908 ‘ 
744 hours Power off 15 minutes 1.008 0204 67 
fhours Power off 2 minutes = O40 0209 7 
16,224 hours Power off 8 minutes 0°14 
20.448 hours Power off 15 minutes 71) 0°18 
4.936 hours Power off 10 minutes 2010 0223 FINAT 
hours Power off 10 minutes 
43.967 hours Power off 4 hours 
49.892 hour Power off 12 minutes ; 
‘ hours Power off overnight to change load to beam * Prof Y ‘ Meta ruy Ma ichusett Instit ‘ acts Can 
5,237 hours Test Ended bricige Ma 


| | | 
| 00° 
| WEIGHT| NEARLY 
| ON FLOQR LOAD! |SHIFTED 
| | | | | 
60° 
4 | | | | | | | 
ul | | | 


20 30 40 sO 60 TO 80 
TIME , THOUSANDS OF HOURS 
Fig. 1[A—Appendix A. Material K-20. 850 F. 7500 Psi. 
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an article entitled, Behavior of Welded Joints at Low 
Temperatures, published in the February 1944 issue of! 
THE WELDING JouRNAL, which table appears to be con 
trary to the /atest A.S.M.E. Code requirements for im 
pact tests. 

Under the Code impact tests on materials to be used 


in pressure vessels ar required only for those vessels 


which are to be operated at temperatures of —20° F 
and below. At present there are no requirements in the 
Code for impact testing of materials to be used in con 
structions for temperatures of — 20° F. and above. 

“Par. U-142 of the Unfired Pressure Vessel Code speci 
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DISTANCE IN SIXTEENTHS OF AN INCH FROM 
QUENCHED END TO INFLECTION POINT OF HARDENABILITY CURVE 


Fig. 1-—Relation of Notch Weld Ductility to End-Quench 
Hardenabiliy in Various High-Strength Plate Steels 


important bearing on the relative ductilities in bending? 
The authors’ experience with Jominy tests, in finding 
a lack of correlation with weld ductility, is supported by 
some work recently carried out in our Research Labora 
tory on 25 high-strength plate steels. Our results, plotted 
in Fig. | herewith, were obtained with '/»-in. diameter 
Jominy bars quenched from 2100° F. with adequate pre- 
cautions against scaling, and using a '/,-in. water jet. 
The Jominy distance was recorded to the point of inflec 
tion of the hardenability curve, instead of to an arbitrary 
hardness value. The weld bead specimens were prepared 
in the usual way under constant conditions, and a 45 
V-notch was cut in each one so that the apex was tangent 


to the fused zone. The bend specimens were */s in 
thick, and the bends were made slowly with the notch 
in tension on supports 3 in. apart. The deflection, in 


stead of bend angle, was measured at maximum load or 
when cracking started. 

he results plotted in Fig. 1 are scattered much like 
those in the authors’ Fig. 11. Although the higher ce 
flections are obtained only in steels of low hardenability, 
lower deflections were found in steels of both low and 
high hardenability. The correlation of hardenability 
with weld hardening is better in our experience, as indi- 
cated by Fig. 2. The hardness values plotted here repre 
sent the difference in Rockwell A readings between the 
zone of maximum hardness just under the weld bead, and 
the hardness of the plate not welded, at the same dis 
tance below the surface. It is evident from Figs. 1 and 2 
that our weld hardness and bend tests are not in very 
good agreement, and this may very likely be due to the 
larger area covered by the Rockwell impression as com 
pared with the Knoop indenter which the authors prefer 
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DISTANCE IN SIXTEENTHS OF AN INCH FROM 
QUENCHED END TO INFLECTION POINT OF HARDENABILITY CURVE 


Fig. 2—-Relation of Weld Hardening to End-Quench Hardenability 
in Various High-Strength Plate Steels 
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ability. 


ti illy 
hardne 
grain boundaries 


con 


tests 


Since ductility, however, 1s of more direct practi 
than hardness as an indication of the usefulne 
bility of a structural weld, it would seem that th 
bend test might be a better one to rely on for 
any kind of hardness measurement. 
Although the authors’ new steel, No. 421, 
expectations from its composition as to harde 
seems to be disappointing in reg: 
notch toughness. 


rd to weld ductili 
This certainly does not support 
authors’ contention that low manganese gives good 
The high silicon content of steel 421 is 
one reason for the poor notch toughness, and ma 
likely have contributed to the low weld ductility 
According to our experience, manganese is 
silicon as a strengthening addition to steel wher 
impact values are desired, and more caution shoul 
used in substituting silicon for manganese merely t 
crease the hardenability. 
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ss figures reported are 


material involved. 


\dmittedly there 1s a 
in the conversion of hardness 


A scale to the other si 


lieve that 
reasons 


Jominy specimens revealed 


be much nearer 


values 1s much 


the error is 
Examination of 


hardness reading 


In connection with 


sented by 


sacle if ible 


Mr. Louis, 
nese content for the reaso 
to the hardenability of the steel without 
increase in 


strength 


with incre: 


Under 


gratifying to learn the results are in agreement wit! 
data obtained by 
low hardenability. 


other investigators in work on s 
Nevertheless, in connection 
possible source of error the authors have found in t! 
of the Knoop diamond indenter under condition 
the grain size does not exceed A.S.T.M. No 

load on the Knoop machine ts at least 1 kg. that it 1 
impossible in 
ss indentation which does not cross ; 


examined 


in accurate 


imount of error 


ues Irom 
rtheless the 


not appreciable for the foll 
microstructure of 

in many 
inular to that found beneath the weld bead wa: 
to the end of the 
dicted. Also, as stated previou ly, under the 
in which the Knoop tester was used it is believe: 
difference in pre dicted versu 


Jominy bar tl 


actual maximum 
greater than any probable error 


ck's comme 


Suggest 


nganese adds dra 
commen 
chromium thers 

data in the literature to indicate any appre iable in 
in toughness 
the basis of the strength an 
available 


manganese 
hardenability 


manganese it would seem that 


magnitude 


} 


would be required to remove this objection. 


Additional experiments on 
shown that 
may be obtained if the bars 
The exact 


sepat ition 


made 


i distinct 


2100" F. 
of the curves. 
confirm the suggestion of 


on these 
curves were distinctly different. 
The selection of silicon for the new steel was | 
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is element, and, like manganese, silicon is not a cri 
element. While the steel may be classified as a 

n steel, the specification shows that the silicon con- 

is balanced to a large extent by the manganese 
balance was maintained deliberately in order to 
promote toughness and ductility. It is felt that the low 
weld ductility exhibited by the bend specimens is simply 
{ confirmation of the available data in the literature 


the low ductility of the ‘““‘Widmanstatten’’ micro 


structure Since this structure normally occurs at a 
much lower cooling rate, i.e., an overheated gas weld, 
the possibility is recognized that the hardenability of 
Heat 421 may be foo low for welding under the conditions 
presented The Jominy curve shows that the harden 
ability of the steel as revealed by that test 1s considerably 
less than ordinary ship steel (Heat 10 

The authors wish to thank Dr. Stout and Dr. 
stock for their generous discussions of this p 
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Intergranular Corrosion of Stainless 


Steel Welds 


By Wm. T. Tiffin’! 


NUSCEPTIBILITY of weld metal of chromium 
nickel composition to intergranular separation or 

kK corrosion is generally well known and accepted 
The separation appears to be characteristic of alloys of 


this type and is most marked at elevated temperatures. 


Observers are fairly in agreement that the characteristic 
ition is due to the precipitation of a chromium-rich 

bide trom solution and that the carbide 
olution upon slow cooling through some tempera 
ture range that 1s 
of the 
was sub} cted before plac ing itl Service 


X-rav analysis of 


characteristic not only of the composi 


alloy but also of the treatment to which the 


chromium-nickel alloys containing 
l amounts of carbon discloses the 


chromium carbides 


preset ‘e OL ¢ 


and indicates that their chemical 


compositions vary from the Cr,C carbide to that ol 
CryC with being an intermediate compositior 
we consider the carbide CryxC, we may note that one part 


of carbon will require approximately seventeet 


chromium, by weight Phe carbon in CryCy, will require 
ten times its own weight of chromium and for CryCo th 


ratio 1s six and one-half parts of chromium to one of cat 


bon. Formation of the « 
poverishment of the chromium c: 
ent to the carbide It 
ugher the 


irbide can only result in 1m 
mtent of the metal 
may also be theorized 
carbon per cent in chromium-nickel weld 
metal, the more susceptible it becomes to the formation 


that the 


} 
i 
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' Kesearch Engineer, Engineering Experiment Station t ersit Flor 


of chromium carbides, hence more susceptible to inter- 
granular corrosion. 


If we consider the fundamental ture of metalli« 
illoys, we may state that generally th tend to reach a 
state of zero internal energy; oft ition of internal 
equilibrium If, to reach this condition of internal energy 
equilibrium, the natural tendency of the alloy is to dis 
card a constituent from solution, retention of the con 
stituent by some mechanical mea wil result in 
increase in the internally stored « I ! ‘ 
in the ability of the all to disca 1 
tituent the most suitable ui] 
LO juenth i metallu ill i 
mechanical process such as roll energ 
other tl that resulting from at vithi 
the 1 terial and it ot tial t r 
zero internal ene iS ict 
universally applied to the pr tio 

li or temper 

Susceptibility to chromium carbi 
be decreased by ] wering the carp 
the lloy with colt Num, tita ] enum 
nlizati is essential for S ul 

ickel alloys for welding application but is t so essential 
tor the 25-20 type. In this latt lromium 
is completely soluble im nickel to as much as 64°, chrot 

ium, the increased nickel cont tr resists any 
ittempt on the part of carbon to steal « ium from 


solution 
n unstrained weld metal deposited by means of thi 
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Fig. 3--Hardness Survey Across 


metallic are using electrodes of 


composition is cooled slowly through the temperature 


range of 1600 to 1100° J] 


carbides is more extensive than i 


this range of temperatures was short 
me weld metal had previously 
worked, the precipitation temper 


l 
Undesirable conditions that mig! 


slow cooling of chromium 1li¢ } ( | we ld met il thr I h t 


critical temperature range may b 


illov bv heating to temperature 


ind then cooling rapidly through 
between 1600 and 1100° | It. bi 


ing of the adjacent metal is broug 


heat treatment It is first necess 


comes necessary to normalize or temper this area 
normalizing or tempering operation, in additior 
leving quenching strains and reducing the hardne 
often effect emulsification or spheroidization of « 
in the adjacent metal without affecting the aust: 
weld metal 

\ large southwestern public utility com 
installed calorized carbon-moly. tubes in the sup 
of a 180,000 Ib. of water per hour boiler. Caloriz 
Weld-—Rockwell C of the tubes were too brittle to roll, consequently 


Daly rece 


ends of chromium vanadium steel tubing were 
to each end of the calorized tube 25-20 chrom 
\fter 700 h 
Service it 400 Ib. boiler pressure ind 750 F.. fat 


the chromium-nickel nickel welding electrodes were used 


precipit ition ot chromium occurred in two welds Inve stigatiol disclosed tl] 
the cooling period in failure originated in sections of the weld where h 
Moreover, if the curred precipitation of the chromium carbide | 
bes severely cold estigation also disclosed that the welds wl | 
iture range would be been subjected to a severe peening operation inime 
ifter welding Che weld procedure adopt mt 
it have resulted from the actual welding would have be« ntirely sati 
oh the had pe ‘ ot be used Furthet 
corrected by suitable failure where peening might be used were eli 
ry to homogenize the changing the procedure to require a homogenizit 
( OO” treatment te! ll weld: leted Ni 
he te erature ilures | e occurred alt t es 1m set 
t] coo] ircle time ot tl ire were allowed to rei 
ht t the ( the re ile 
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Crack Originating from Scratch in Machined 
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Fig. 1O—25-20 Weld Metal Water Quenched from 2100° F. 


the low carbon of the tube, 0.15%, and partly to the 
spheroidization of the carbide particles after being heat 
treated. 

A typical cross section of the weld metal of the ‘‘in- 
service’ condition is shown in Fig. 4. The seeming crack 
is in reality the precipitation of chromium carbide along 
a grain boundary and had not, at the time of examination, 
developed into a crack. Where such precipitation may 
have already occurred in welds in service, it does not 
always indicate that further precipitation may occur or 
that any carbide precipitation will result in 
failure. It however, indicate the 
failure. In the welds where failure occurred, the area 
adjacent to the fracture indicated high percentage of 
carbide precipitation which, in many cases, had already 
resulted in the formation of small cracks. Figure 5 is a 
photograph of a crack initiating from the original crack 
along which fracture occurred. The carbide concentra- 
tion adjacent to one side of this crack is particularly 
noticeable. Additional carbide precipitation along grain 
boundaries may also be noted. 

In order to secure good alignment of the tube ends 
during welding and to provide a back-up, inserts were 
used. These inserts were removed after welding by bor 
ing and reaming. Figure 6 is a photograph of the 
long the inner circumference of the weld and 
the absorption of foreign matter into the 
Chis might be the infiltration of carbon 
up or it might be due to the 
from the hot steam in 
illustrates the danger of failure due to crack formation 
resulting from a surface 


defect. Consequently, it 
safely be said that where such welds are necessary 
back-ups 


subsequent 


does, possibility of 


section 
illustrates 
weld metal. 
from the 
absorption of foreign matter 
the superheater tube. Figure 7 


bac k- 


may 
, the use 
finished 
reliability is 


and suitable machining of 
welds is imperative where the ultimate i 
desired. 


of prope! 
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Water Quenched from 2100° F., Air Cooled fr: 
1000° F. 1250 x 


the efficiency of a heat treatment in 
elimination of such carbide precipitation and int 
granular corrosion as may have occurred in the 
which did not fail, specimens were heated to 170 
and quenched. The structure resulting from 
quench is shown in Fig. 8 and that from a water qu 
in Fig. 9. It is apparent that the top temperatur: 
not sufficient to effect hon 
allowed. It is also evident that the water quench 
duced a more satisfactory structure. Consequ 
specimens were heated to 2100° F. and quencl 
water. The resultant structure is shown in Fig 
only carbide segregation in the entire 
in this figure. Since the original magnifi 
size of the inclusion is practically negligible. 
heat treatment invol holding at 1000” F. for 15: 
requiring 15 min. t ) this temperature, and 
ing the n to cool in air. F igure ll i rdic ite 
resulting structure. It 1s readily apparent that the 
malizing treatment brought about emulsificatior 
spheroidization of the carbide areas thus producing 
sirable and stable structure. 

From the information obtained in the investigatio 
the fractured suitably prepared 


welds involved ind 
specimens, it is concluded that where austenitic wel 


To determine 


1iogenization within the 


weld are 


speci 


subjected to high temperatures and pressures, a desit 


rroduced by heat treatment. Thi 
a quench from a suitabl 


structure may be ] 
treatment should involve 
perature which should be followed by a normalizi 
spheroidizing treatment. Where the possibility of { 
servic welds 
used to lessen » chances ol 
Moreover, where a suitable welding proc 
heat treatment may not be 
peening of the weld metal is resorted to 


exists in “‘in the above type, si 


means may be subs« 
failure 


is adopted, necessarv wu! 
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Weldability 


Hot-rolled vs. Quenched and Tempered Constructional 
Steels 


By S. A. Herres 
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Table 2—Weldability of Steel for a Given Welding Procedure (Metal Arc Process)* 


Influence of Base Metal Variable 


in the Production of a Serviceable Struct 


ure 


| 
PRINCIPAL BasE TO CRACKING 
METAL VARIABLES WELDING 
Orner THERMAL 
} Cracks (a) CRACKS 


Errect on Metar Zone IMMEDIATELY ADJACENT TO WELD 
(Heat Arrecren ZONE) 


JSCEPTIBILITY SOUNDNESS 
PROPERTIES OF METAL IN (EXcLus 
Ate on Can TO WELDING oXCLUSIVE OF 
CRACKS Cracks) 


Errect on Deposit anp Fusion ZonE 
(INTERFUSED BASE AND FILLER METALS) 


PROPERTIES OF 
Sounp WELD METAL 


bon content 


bon content 


|Hardenability | Increase with hard- | 
enability (b) enability 
| | 

| | 

| 
| 
Prior heat 

| treatment | treatment, 


eliminates hydro 
| 
which stabilizes car- | heat treatment 


bides 


Non-metallic 


Mechanical Properties of Base Metal Determined by 


| Carbon content | Increase with car-|Increase with car- | Strength increases, impact re-|General in-/| Generally, no ef- 


| Increase with hard- | Strength increases with hard-|General in-/| Certain 


crease with increas- 
gen present from |ing ductility as es-| | cycle increasing duc- 
prior processing, or | tablished by prior | 


|Certain non-metal-| Cracks may start| Inclusions may decrease duc- | Some non- 
| content and lics (as sulphur) | at nonmetallics, es- tility and impact resistance,| metallics mayj|tallics (‘as sul- 


|} sistamce decreases with in- crease 
crease in carbon content 


with | fect (d) 
carbon content 
| 


alloys 
enability. Impact resistance |crease with may contribute to 
increases with hardenability | hardenability weld metal poros- 
until martensitic type micro- | ity (da) 

| structure forms, then decreases | 

with hardness of final struc- 

ture (c) 


| Decrease by a heat | Increase with yield | Heat treatment which stabi- Increases with | No effect 
which |strength and de-| lizes carbides lowers effective | yield strength 


hardenability during welding | decreases with 


tility, as estab- 
| lished by prior 
treatment 


Certain non-me- 


| Strength increases, 


impact resistance 


| decreases, with car- 
bon pickup 


Strength increases 
with alloy pickup 
from base metal (e 


No effect 


General decrease in 
strength and im- 


EFFECT ON Com 
PLETE 
Ma ror 
Up 
STRESS? 

ee 
Increa with 
carbon 


Increase with 
hardenability 


-Increase with 
yield strengtt 
decrease with | 
creasing 
ity @S established 
by prior treat 
ment 


No effect 


| distribution may react with and | pecially if elongat- | especially if elongated by roll-| contribute to|phur) may con-| pact resistance with 
| eliminate hydrogen | ed by rolling orseg-|ing or segregated at grain | weld metal tribute to weld/ increased non-me- 
i | dissolved in molten | jregated at grain boundaries; effect is very | cracking metal porosity or tallic content (d) 
| weld metal | boundaries marked when heat-affected | slag inclusions 
| zone has high hardness (d) 
| Porosity and | Decrease with in-| Cracks may origh| Strength and impact resist-\~o effect|Surface oxides| No effect known Surface irregu 
| surface creased porosity | nate at porosity or | ance decrease with increase in | pnown may contribute to larities give rise 
| defects | which permits es-|surface irregulari-| porosity or surface trregulari weld metal poros- to stress concer 
jcape of hydrogen | ties ties, depending largely upon | ity and slag in- trations 
| | diffused into base | location clusions 
| metal | | 
Norges: (a) Underbead cracks are not formed if elec- (c) Im absence of cracks, best combination of strength (dad) Depends, to a large extent, upon spe- 
trode coating is low in hydrogen compounds. and impact resistance is obtained when martensitic cific gas and fluxing reactions during 
(bd) Effect of certain alloys om solubility and type microstructure is formed in heat affected zone welding 


diffusibility of hydrogen may have unde- 
termined influence. Carbide stabilizing al- 
loys may decrease effective hardenability 
during welding cycle. 


* 


See reference 


ing may be 
which do not significantly lower the maxin 
the heat-affected base metal 


in low and medium carbon alloy 
induced by 
self-embrittlement of the 


eliminated by preheating at 
1um hardness of 
It may well be 
culprit in the case against brittle weld heat 
steels iS a 
gases in the welding atmosphere, 
hardened steel. 


by first passes and is tempered to a hardness ap- 
proaching that of the base metal by subsequent 
weld passes or postheat treatment. 


temperatures ond, the various design facto 


against the properties of econe 
thatthereal terials in order to obtain a st1 
affected zones under the given service condit 


flakelike crack Che 
and not a 


method of fabricati 
sidered in conjunction with 1 


standpoint of the influence 


Thus, it appears that weldability concepts based solely geometry) of the joints betwe 


on the hardening 


untenable, and that ductility tests are of value only tothe introduced into the structure 
extent that they may be demonstrated, by correlation tion. The effects of the fabs 
with service performance, to represent the service per- nificant properties of the bass 


formance of a structure fabricated by 
ing procedure. 

These considerations lead to the 
definition Weldabilit 


fabricated by a ribed Welding 
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ment to its service properties By 
meant the quality characteristics 
Service applic ation. 


procedure and base metal variables and 
conditions which make a steel unsuitable 
application but which are not significant 


type of service. 


Weldability Evaluation 


A logical concept of weldability evaluation requires an 
background of bask 


understanding of the 
siderations Table 1 shows first a list 
conditions which must be known o1 


response of single bead 


a prese ribed weld- 
following proposed nature, 


brocedur 

service 

required for a 
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comple x interrelation which must exist between welding 
emph isizes the 
fact that the effects of the welding operation may set up 


assumed, and, 
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specimens are of the structure, and of th 
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to be welding procedure 
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properties is current knowledge 
given tant variables 


informati 


iriables 1 
of one welda 
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Welding Procedure Var thle 


From the foregoing discus 
Tables 2 and 3, 
tor one service 
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weldability in terms of a give 
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evaluation 1s establishment 
procedure variables which 
control of these 
fabrication. If no control o 
design con for a given welding 
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should re 


might apy 


used for evaluation 
conditions which 
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Table 4—Welding Procedure Factors Which Must Be Du- 
plicated or Simulated for Weldability Evaluation 


Joint Design 
Mass and thickness of bas: 
Joint preparation including 
Degree of external restraint 
Number and position of weld passe 
Sequence of deposition 
Finish of 


metal sections 


backup 


jot 


Welding Technique 
Electrode 


Welding Sequence 
Location of weld joints 
'vpe, grade and class Order of welding joint 
Size—each pa 
Deposition Conditions 
Current 
Voltage 
Amperage 
Speed of travel 
Initial Plate Temperatur« 
Interpass Temperatur« 


Post-Welding Treatment 
and polarity Heat treatment 
Thermal stress relief 
Mechanical stress relief 


commercial welding of alloy steels is a controlled process 
and it is possible to predetermine the welding conditions 
to be used for weldability evaluation tests. 

The principal welding procedure variables are brought 
under control by establishing the welding procedure fac 
tors listed in Table 4. The exact values must be pre 
scribed after study of the particular welding application 
Most of the factors may be represented in a weld spect 
men suitable for testing. 


Mass and thickness of base metal sections may be 
represented by testing, whenever necessary, both maxt- 
mum and minimum base metal thicknesses, and by 
taking a minimum length of weld of 12 in. and width of 


6 in. on each side of the weld, or by using the actual di 
mensions of base metal sections to be used in the welding 
application if they are less than the above values 

The factor of external restraint usually cannot be dup 


licated, it can only be simulated. There are several 
means of attaining different degrees of restraint to 
represent various structural applications. One of the 


easiest is to weld mild steel strips of standard cross 
sectional dimensions at either end of the test weld, as 11 
lustrated in Fig. 1. 
’ The other factors of joint design, welding technique 
and post-welding treatments can be predetermined to 
duplicate various commercial welding applications. 

Che effects of welding sequence, which is an important 
factor governing the residual stresses introduced into the 
complete structure, obviously cannot be determined from 
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Fig. 1—Method of Simulating External Restraint for Testing 
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a simple test weld. 
sequence to 
machining stability 


distortion 


Knowledge of the relation of w 
occurring during 
to magnitude 


we Idi 
and 


stresses in the completed structure must be obt 


from full-size 


or scaled structures. 


However, \ 


information as to the performance of base metal 
weld joints when various degrees of residual str 


present in the 


test welds. 


structure can be 


obtained from 


Quality Characteristics Required for Structural Wel 


The quality of a structural weldment 
as the degree to which it has the characteristics req 


for a given service. 


these requirements for the base metal and all compo: 
of the fabricated joints 


soundness. 
1. Strength. 
usually 0.1%; 


Yield 


must equal the design requirement 


may be 
For ordinary structural applic 
are, 


strength, toughnes 


strength at an arbitrary 


the intended service application. Strength 
1 
4 
/ 
Notch cut with 
a hack saw or / 
abrasive wheel 
T 
6* 
Fig. 2—-Nick-Break Fracture Test of Weld Joint 


with decrease in ten 


to determine the 


perature ; 


strength at elevated ten 


of locks 


cre 


hence it may be nec« 


when such service applications are being considered 


Strength of base metal may be determined by 
round or flat plate tensile test specimens 
weld jomts may 
tensile made 
specimens from a test joint welded with the pr 
procedure. 
weld reinforcement is left 


be easily determined by 
tests 


the test bars. 
Toughness. 


The 


energy by plastic deformation. 
given material depends on: (1 
formation; (2) rate at 
3) temperature. 

Phe 


been 


which deformation 


clarified as follows:* Brittle 


and the fracture strength of the undeformed 


Constraint by application of multiaxial loads or b) 


geometry serves to increase the yield strengtl 


crease its separation from the fracture strength 
the rat 


creasing the temperature and increasing 


~ 
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Strengt 
tran 
on butt or overlapping fillet 


Service strength of the weld is obtained 1 
on during testing, but fo 
formity of testing it is customary to grind the rein! 
ment on butt welds flush with the base metal sect: 


This is defined as the ability to 
toughness 
constraint aga 
takes 


relationship between these factors had re: 
failure occurs 
little or no plastic deformation takes place and 1 
primarily to a small separation between the yield str 


t 
3 
| 
teas 
ul 
lI ener? 
/ j met 
// / ff / 
1] truss 
i} 
| 
may 
Ol not 
Val? 


ation are equivalent in their effects and serve to 
ase the separation between the yield strength and 
fracture strength of the undeformed metal. 
is readily recognized that every fabricated structurs 
be capable of some slight plastic deformation to 
ibute load among the imperfectly matched members 
tructure 
| structure may also cause local stresses in excess of 
vield strength of the metal at external loads considet 
below the design strength of the structure It the 
metal and weld joint are able to pl istically deform 
the conditions of geometrical constraint, rate of 
ind temperature at time of loading, the residual 


ire harmlessly dissipated; if not, failure occur 


Residual stresses present in the fabri 


(he needed deformation for the above purposes 18 on 
ill a seale for any practical determination in ordi 
tensile testing, and it has been proved time and 


that a ‘‘taffy-like’’ behavior in a tensile bar is no 
guarantee of similar behavior in metal which must di 
under conditions of complex stress applicatiot 
ther, 1! an attempt is made to judge ductility in 
posite tensile or bend test of a weld joint it is verv 
that necking will occur in the material of lowest 
strength without revealing any information about 
components of the weld joint 
must now be admitted that no standard quantitative 


r toughness 1n a weld joint is availabk Howeve 
been known for a great many vears bv steel 
the ability of the steel to stand up under shock or 
perature service conditions cannot be determined 
he results of hardness or ordinary tensile t ¢ 
teel 1s inte ded for uc] 1S¢ re ul ] | 
to notched-bar impact test With 
notch constraint and tandard met 
the steel is tested over a range of temperatures 
e the temperature of tr tion ft rittl 
e! to ductile high energ impact 
tee] iccording to it che 1 « tio 
ed condition, h i characteristic transitio 
relatively high to k V unpact energ er a definite 
rature rang ind the comparative t ugh 
( ed steel can be judged when infor i is I 
nature ol this curve 1s available icall 
tas much and verv nearly as useful information is 
en by merely noting whether a fracture is of the 1 igh 
brittle type as is provided by figures for energy ab 
rbed \ nick-break fracture test produces on a larg 
e the Same results as the notched-bar tmp t ft t 


the steel tre iter depends to 
ned to distinguish between the bright crystallir 


fr 


acture surface characterist 


leformation at the fracture surface and a low ener, 
ct failure, and the dull gray fracture surface which 


ites deformation at fracture surface and high impact 
nergy tarlure 


he toughness of weld metal, as of unwelded base 


etal, can be evaluated by mac hining standard notched 
r impact specimens in such a manner that the notch is 
lin a representative portion of the weld metal and 
testing the specimens over a range of te mperatures 
ulicient to determine the te mperature ol transition from 
igh to brittle failure. Since it is obvious], WMprac 
il to obtain Ch irpy bars representative of all portions 
the weld met il, bond zone, and heat ifiected base 
tal, a full scale fracture test offers certain adv intages 
‘igures 2 and 3 illustrate two fracture tests which have 


1 used by this laboratory for weld joints Crvystallin 
tal, heat affected zone or b ise metal in the nick-break 
ture test indicates that low impact energy failures 
occur under severe service conditions. The 


of the fractured surface of any portion of the weld 


extreme 
‘ch constraint of the specimen (Fig. 2) makes this test 


7: 
« 6* 
Fig. 3—Bend Fracture Test We J t 
very severe even when perform erature 
witl relatively slow appli ] lvar 
tages of this test are 1m] retatio 
when there is doubt that the requir: t 
i given set e applicatior the 
test ”?) failure to reveal defects, cra r brittle condi 
tions in the extremely n { 

Che b 1 fracture test (] ry useful 
for determination of deleteriou e ¢ 
ihe use of note! I ral th itted 
yer h it lure H 
etrical tch rovided | 
wel base met l cr TW ] 
bee wn to |] e Ih i! 
hoch lure et erly cdi 
CO) int pla The ( | 1 
the test bar re t 
pli f the e bee rbit im! 

| ery ry The ite 
it low push to the 1 t veight 
dr lrom a conve ent height I 
Che temperaturs testing yout 

lOO” F. by chill: the 
il cet l¢ or eve wer in 

Phe re lt t] test are 
tractured surface which indicate in the 1 bre 
test) a tough or brittle failure. Whi egres 
toughness « the weld tis ack 
il lt iS eter ed D St rit I 
dit I the test vil the t tend 
Sel C ap] Li 

(one ther quit practica es 
iS ulable and indeed } ¢ Se I 
cel 1 industries s th ‘ test 
lest specimens are i cted by a dr ‘ i 
nent set, but at an energy level wh in 
ireas i stress concentration si that whe 1S 
initiated, after a few impacts, britth i] 
without deformation as in the nick-break test This 
method of testing has been us 1 wit! r ie 
Same two specimens illustrated in Fig 2 it the 
laboratory When the mass and height of the drop 
weight are properly adjusted by preliminary tests « 
welded specimens, s¢ miquantitative « tough 
ness of weld .joint iT¢ Tet 

Soundness. Lhe reliability « is to 
a large extent dependent upon freedor rom injurious 
cracks and welding defect Because of their discontinu 
ous nature and the fact that their presence indicates 
unreliability in welds which may have adequate strength 
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and toughness in sound areas, it is logically required that 
structural welds be free of weld and base metal cracks. 
Other weld defects such as incomplete fusion, porosity 
and slag inclusions are dependent upon the skill of the 
welding operator as well as the suitability of the welding 
procedure and base metal. 

For evaluation of weldability, the soundness require 
ments are freedom from cracks and freedom from other 
defects to the extent indicated by established standards. 
One hundred per cent inspection can be made of weld 
joints by nondestructive radiographic or magnetic powder 
tests. Unfortunately, these tests will not always dis 
close injurious base or weld metal cracks. It is recom- 
mended that three transverse sections be taken near 
Start, center and end of weldability test weld and ex 
amined by magnaflux test or after macroetching. Fur 
ther enlightment as to the extent of defects is gained by 
examination of the fractured surfaces of tensile and 
toughness test specimens. Supplementary soundness 
tests may be made on simulated or actual weld joints 
from the structure, particularly when welding procedures 
for tee or corner joints are being qualified. 

A period of 24 to 48 hr. is often specified between time 
ot welding and time of sectioning in order to allow full 
development of cracks. After this standing period, a 
tempering treatment may be applied to facilitate sec- 
tioning for soundness tests or to prevent etching cracks if 
macroetching is used. 

4. Other Special Properties—A number of structural 
weldments require, either in service or in fabrication, 


operations subsequent to welding, certain specific p: 
ties such as resistance to fatigue, corrosion, abrasio 
wear, stability at elevated temperatures, or abilit 
be machined and formed. The need for thes« 
quality characteristics is usually apparent upo 
sideration of the service application. The degr 
which they should be obtained is nearly always a 
of economics and one must refer to many excellent st 
and discussions by experts in the individual fields 
Tests for these special properties must be specit 
planned to correlate with some given service appli 
\lthough it is not dificult to devise tests for these pr 
ties, a high order of engineering judgment is m 
in drawing conclusions from such tests unless thi 
conditions are exactly duplicated In general 
ibility evaluation tests for special properties ar 
similar to those used for testing the unwelded 
metal 


Simulated Service 1 


‘Resorting to simulated service tests,’ Gillett st 
“is a confession of ignorance about the funda: 
factors of service or of the relative importance of 1 
factors. But when one is ignorant, it is far better t 


fess ignorance and proceed to acquire mftormatio: 
to specify by guess. Che importance of this att 
in weldability evaluation can scarcely be overe1 
sized. While it is possible to set up tests for stre1 
toughness, soundness and other special quality cl 
istics required for structural applications these tests 
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7 
onlv to the extent that their results can be corre In the base metal specification there are two alterna 
with service requirements. Wher such f ictors as tives either the umbiguous requiren t tl t the teel 
etrical constraint and residual stresses introduced be of weldable grade (with certain other inconclusive 
F fabrication must be considered in specifying the requirements such as chemical analysis limit o1 
e of toughness or soundness required for the base specific requirements for quality characteristics in test 
nd weld joints of a fabricated structure, the neces welds made with a prescribed welding procedure repre 
1 full-scale service or simulated service tests 1s sentative of the fabrication processing Phe advantagt 
ipparent., of the latter approach, which amounts to qualification ot 
the bas« iter | for fabricati DY WV ODV1IOU 
With standardizat the 1 ri0u 
Weldability Specification classes of structural welding thes ines wi 
CTeast 
lability evaluation has been seen to be a matter of The question of what changes in base metal are to be 
ibing and controlling the welding procedure vari- considered cause for requalificats et rise 
which affect the service properties of a welded reneral, an increase in chemustrv « I re than 0.05%, ¢ 
ture, in order to provide suitable test specimen, and = or 0.10% 0 the other common alloving elements over the 
irrying out tests on these specimens to determine previously established maximun be « ted to in 
her or not a given base metal welded with the pre crease the tendency toward base metal cra 11] luring 
ved procedure has the quality characteristics required welding with certain types of electrocd Other changes 
r tl ervice application A simple butt weld mav be in the steel-making practice which are not reflected in the 
determining the effects of joint design, welding nominal chemical composition may e significant 
ique, and post welding treatments, but the effects ettects Che only real assura! that t steel Irom 
ng sequence and the degree of the variou quality i new base metal shipment 1 vel b] vitl ive wel 
teristics required must be determined by larg: ing procedure 1s to 1 ew wel lity luati 
test u the 
riginators of the statisti il qualitv control tvpe of severity of the weldu operation 1 the ( ( 
ification have done much to clarify the basic prin over the welding procedure, a st ent ber of qual 
specification writing. It may be advantageous fication test welds should be carr t to be sure that 
fer very briefly to their methods heat to heat differences are not 
pecification is generally defined as ‘‘a statement of weldability of the steel 
rements which the product must meet in order to In the product acceptance 
a! the acceptance test."’ This is a product specifica features are necessary 1n order to1 r ti ralit 
It has been stated that® ‘‘a good specification characteristics in structural weldm« 
i background which may far exceed the obvious in l Process Control Feature Kstabhi 
— rt of the wording of the inspection specification.’ prescription of the welding proce re b 
background may be divided into the following parts \ll the factors listed in Tabl hould be inel ind the 
covery and definition of a standard of quality perm ible ranges for ¢ h 
tatement of the quality goal (which is a compromise Relerence t Ut 
the standard of quality and practical economi icceptance of the base met 
iderations), enumeration of the quality character Qualification of the base metal wit = 
to be considered, the operational means by which procedure preseribs 
re measured, and the technique of evaluating re 1 Qualificats the weld operator t leposit 
ind finally }) a Statement of the quantity and sound weld metal with the weldu ro I rescribed 
f evidence which will be iccepted as satisfactory in (da [It should be noted that the operator no rr 
= pt that the product will meet the quality goal. sponsibility for mechanical properti e weld pr 
tical means may be employed to reduce the guess vided that he demonstrates the skill to 1 e a sound 
the development of each of the above steps of a weld deposit with the prescrib wel y procedure 
ication for any product which can Be idequately Su h qualification may be proved by 1 raphic means 
nled and tested lone 
e statistician’ finds that aside from the use of such 2. Inspection and Enforceme Pro 
lorceable requirements as ‘“‘the methods and work vision for requalification for each sigt nt change 1 
hip shall be of the best quality,”’ the nonstatistical base metal or welding procedure 
pe of specification has two faults. First, it attempts 
judge each lot on its own merits on a small sample basis 


h an elementary study of statistics proves to be u ae 
ent ane Tit ffexc 1V¢ Sx ( ond, it fails to m ike ust ot Table 5—Strength of Hot-Rolled Steel 


results as an intelligent guide to future testing r. S. ( ss + | 


Where idequate test methods for samples taken di M1 iS + 2 ( P + K 
{ 
tly from the product have not been developed or where  C, Mn, P and Siar 
+n bh} ' 
le tests are of a destructive nature and the expense N a fauge 


— | sampling would be prohibitive, statistical quality 
ntrol cannot be applied. It is then necessary to in- 


lude in the icceptance spe ification certain controls 
er the product so that both hindsight and foresight are 
ned tor the results of proof or service tests of completed ea eo 
Weldability as defined in the early part of this dis p M 1. P 
ission requires attention as: (1) a quality characteristic Other elements increase the T. + 
which should be covered by the bass metal materials 


pecification : ) a tactor which must be considered in 
establishing and qualifying welding procedures and which see relerencs 
ences quality of the completed structure. 
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5) Provision for adequate inspection to insure that 
only qualified base metals, welding procedures and opera 


tors are used; for spot checks on the soundness of weld 
deposits made by various operators; and for sampling 
and final proof or simulated service testing of final 
product. 


the 


Base Metal Properties 


Basic concepts of weldability have been considered in 


the preceding sections. <A definition of weldability has 
been proposed and procedures for evaluating and speci 
fving weldability of structural steels have been discussed 
An attempt will now be made to 

data and Watertown Arsenal 


which illustrate commercially 


summarize published 


Labor test re sults 


obtainable properties ol 


of quenched out martensite, but the decreased 


cooling 


in larger sections restricts th 


limited by the thermal 


plain carbon steels to near the surface of moderate « 


sectio 


The a 


the 


ns 


depth of hardening or 


to maximum degree of hardening 


uloying elements 1 
harden ibility is 


ddition of suitable 


which is almost 


~ 


i function of carbon content) and alloy additior 
principal means of obtaiming increased strength 
of a given carbon content when the quenching 
less than that required for full hardening of plan 


steels. 


aS stec | 


ability 


the 


been de 


degree and depth of hardening in 


have 


relative effects of various alloys 
ind heat-treating variables on 
been established | 


veloped 


which can be 


i1ous secti 


conductivity of 
depth of full harden; 


and a simp! 
used to dete 


hot-rolled and quenched and tempered structural steels iven steel 
ind to develop comparisons of the weldability of these he tensile strength of plain carbon as-rolled ste 
steels on the basis ol the aegree to which the qu ilitv i OF ely htly hove t he range otf \ alu ma ite af 
characteristics required for certain service applications itic steels in Fig. 4, but large variations ma 
ire impaired by preseribed we procedure countered Sa re sult ot ditterence im fit ishin 
- ture at the il. gage of th late. and procedut 
/ ensile Strene i Lit ] | 
| posal the plates during cool well Vari 
Figure 4 shows the approximate tensile strengths*  earh ind alloying element Unk ill t 
obtainable for steels in various heat-treat conditions asa part larly finishing temp ture ire carefull 
function ol carbon content appropriatel small troll i rolle steel must irded ult 
pieces, plain carbon steels may be cool t rates which = hich-str th structural applicatior 
will produce microstructure irying from the very lov Che for la lable 5'* represents tl 
strength spheroidized carbides to the limiting condition  eyrate publish thod r iti 
strength of hot-roll eel plate, but 1 biect 
introduced by rolling-muill variable te ile 
n f air-cool rinalized hot-roll l 
ré ised bh { 11 il] ele 
Table 6—Compositions and Approximate Tensile Properties of Commercial Hot-Rolled Steels 
Based on Manufacturers’ Literature 
1 Pr 
| 
m 
H'l 
> thl nem 
Mi 0 - 
ranit 4 
Hi- Viel 
reat Lake 
Granite ¢ 
Hi-\ 
Island Ste 
It n H 
] & La h 
7 
Rey 
60 000 Mi) | 
Rept 
Rp 70.000 GO OOO 
Repub] NES 
Un 1 Carbide 
Cromansi! 50 /60.000 75/9 2 
I >. Steel 
Corten 50,000 70,000 ) 0.25 7 10 
teel 
Manten 55,000 75.000 1 40 
teel 
Silten 15.000 70,000 0.30 0.8 ) ) 0 30 
Youngstown 
Voloy 50/85.000 70/1050 5 0.30/1.00 055 0 0 Ooo 0 85/1.1 
Structural C 25/45,000 10 /380.000 10/0.35 10/0. of 
Structural Mn 10,000 75,000 3 0 1) 
Structural Mn $5 /55,000 65/75,.000 0.2 1.75 O 0 4 
Structural Mo $0/55.000 60/754 O ) 0 ) 10/0 60 
Cu-Ni-Cr 50,000 75,000 } 0.70 0.10 40 0.60 
Mn-Mo 50/80.000 75/120.000 0.15/0.30 1.20 75 0.035/0.055 O 0 20/0 50 
Mn-Mo-V 60.000 80.000 O.1¢ 1 20 ) 20 0.1 
Mn-Mo-Cu 60,000 80,000 0.17" 1.00 0.09 00 0.20 
Mn-\ 50/70,000 75/95,000 l 0 20 1.45 0.20 0. 08/0.14 
Mn-Cr-V 60,000 80.000 0.17 0.50 0.25 0 of 
Mn-Cr-\y 90,000 115,000 0.25 0.75 0.20 
Mn-Ti 60,000 80,000 0.21 1 83 0 32 
S.A.E.-2120 40/50.000 65/75.000 0.15/0.25 0 0.60 0.035/0.055 0.035/0_055 7 
S.A.E.-2335 45/75,000 70/100,000 0.30/0.40 0.60/0.80 0.04 0.04 0.20/0.35 3 
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Temperature in Degrees Fahrenheit T Reheating Time, Fr. 
Mechanical Properties of a Commerical As-Rolled |}—-———+ Hardness of ja Normalized Steel Containing 0.06% 
Steel after Reheating ae Indicated. (Chemical || Cerbdon and 1.06% Copper, efter Rehesting ee_! 
Composit tion=) 12%C mas., 0 59-9 70#Mn, 0,10 Indicated. | 
r, silicon, manganese (above the 1 temperatu 
)to 0.60%, used in all commercial steels), chromium, copper cont 
bdenum, titamum and vanadium are « monly v1 pears to decre 
r the purpos¢ It is, of course, obvious that the I ire 5 sl the pr 
unts of such additions will be relatively large as 0.06%, carbon Oc te 
ired with the additions required in more effectively ture relati t yt the 1 
nched steel lable 6, based on manufacturers i commercial led « 
gives the expected range of tensile properties for Phe e ot he ing ¢ ( 
ber « mercial alloy steels in the hot-rolled influence this preci 
lition hese properties are only pproxt ti course, the properts the ( ed 
subject to variation with gage and rolling-miull fa the presences lloving elem 
per to almost ent 
eheating of a normalized or hot-rolled steel at tem in the as-rolled o1 rt I 
peratures below the critical hardening temperature will crease nproximate 20.008 , ot 
| to soften the steel, finally resulti in strength the steel 1s reheated hel I 
ls equivalent to those shown for the spheroidized at the appropriate temperature time 1 
nde microstructures in Fig. 4 he lower the carbon temperature results 1 rel 11) 
ntent and the original strength level, the higher will be As previously mentioned, the n tt h 
he reheating te mperature and the longer the time inter fully quenched steel DI ches tl rm ( Pi 
to effect any significant decrease in strength | Very little steel enter ervice 1 he 
several elements are known to be capable of providing condition because of | ot tu 
reased strength in tron or steel, by an aging or pre carbon (0.30 to 0.50 heat-tre eCAUISE 
ipitation hardening process at temperatures below the of obvious difficulties which would be e1 untered 
critical hardening temperature for iron-carbon alloys. fabricating as-quenched steels. In genet practic 
in general, their hardening ability is lower than that of it is desired to fully quench structur teel in order t 
on and the accompanying loss in toughness may be form martensitic or hard acicular structure with the opti 
reater than that in properly heat-treated iron-carbon mum disperion and fineness of carbide particles, and ther 
1! ‘ 
Copper in amounts up to about 1.5% has _ to temper or reheat the steel at appropriate temperatur 
mewhat similar effect to nickel on the hardenability below the hardening range, to obtain the best possibl 
ol steel and has an additional precipitation hardening compromise between strength, t ther 1 
lity which may be made apparent in the copper- quired properties for a given applica 
ining steels similar to some of those shown in Table 6 Various steels do not drop to th ine strength a1 
he copper is held in solution in these steels by ordinary hardness with identical temper tre r may be 
cooling without drastic quenching and the full pre seen by examples selected from the voluminous m 
tation hardening effect is therefore realized on re published tempering charts for individual alloy steels 
ting as-rolled or normalized steels to the precipitation Fig. 6) 
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special carbide-forming elements such 
molybdenum, vanadium exert a 
influence in retarding the softening during tem 
pering of quenched steels, probably because of the forma 
tion of a second fine dispersion of alloy 
Steels containing these carbide-forming elements are 
to be must be tempered it a 
higher temperature or held for longer time at a given tem 
perature to obtain any particular strength or hardne 

While the hardening effects ot coppe! ind carbon are not 
additive, 


ad chro 


ind titanium 


rich carbide 


secondary hardening na 


the effect of hardening by precipitation of cop 
per may be superimposed on that o 
in 1 


soitenmng by temper 


Table 7 
structural 
Arsenal L 


sil 


gives the mechan cal 
steels which have 
tboratory 


everal 
Watertown 

comparative 
rolled, 


quenched and 


properties ol 
tested at 
the 
hot 


been 
ind illustrate 
properties obtainable in the 
cipitation-hardened, and wate 
conditions 


coppel pre 


temper d 


\s indicated by the foregoing discussion and examples 
the tensile strength of as-rolled steel usually falls within 
the band shown for pearlitic steels in Fig. 4 Increased 
tensile strengths may be obtained through use of alloying 
additions but are subject to dithcultly controlled rolling 
mill variations. Quenched and 
obtained at any strength level limited only by the use of 
adequate alloy additions and 
to obtain the 


tempered steels may be 


suitable quenching proce 
dures necessary 


important 
completed structure, a 


Unless it 1s possible to fully heat tre 


compromise between the 


of stress relief and the strength of quenched ai 
pered or precipitation-hardened steels become 
sary 

Relation Between Tensile Strength and Yield S 


upon which design 1s commonly 


trength is the 


Yield strength and not tensil 
based Vieldin 


occurs as a transition from elastic to plastic deforn 
Untortunately, this transition 1s seldom well define 
the yield trength of a steel is one of its least \ 


prope 


Ol 


The need for 


imple rapid cle termi 
Vit ld strength has re 


ulted in | 


recept ince Of the 


method tor measuring yield strength. The amo 
the specified offset 1s a purely arbitrary figure, gen 
chosen at a value which will permit a fa rlv accu 
termination of the load at extension values whi 
not be too critically exact. For forged and roll 
rous materials the value of 0.1°, offset from the modu 
slope is generally acce pted 

Internal stresses, always present in as-rolled or 1 


cooled and untempered ste« ls, ( 
elastic 


ire 


taining 


rv dithecult 


deviation It 


vield stre neth 


modulus long 
e materials woul 


| the 
be reached and the problem 
such mater 
vield strength for 

| 


iccurate yield-tensile ratios for 


fully martensitic structure — tensile strength is obtained on materials fully qi 
shown as the upper line in Fig. 4. Whenitis necessary to and tempered As the degree of slack quencl 
include a thermal stress-relieving operation in the fabri creases. the ratio of vield to tensile strength d1 
cation process further sottening of quenched and tem preciabl, In materials of pearlitic structur 
pered or evel hot rolled steels occu}! chores 
of alloy composition to resist this softening becomes ‘itter, Wa 
3u6 | 700 Figure 6. Approximate Tensile Strength of Several__.| 
Quenched Steels as a Function of Tempering Temper- 
ature. (Based on Manufacturera' Literature) 
| 
All steels quenched in'l inch round | 
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i 
| 
| | 
| | 
| 
Pp. 
o2k9 | 500 4 
te 
| 
| 2 
a | @ 
© 
© | 
#1951 S400 
| 
a +r - + 
| \ 
wt 
a 
“3145 __| #300 | | 4 
| SAE 6140 
| SAE 
| SAE 1060 
SAE 10/10 
98 00 | | | 
| 
SAE 4620° 
~ 
§2 100 — 
200 400 800 1000 1200 
Tempering Temperature, °F. (1 Hour) 
138-s WELDING RESEARCH SUPPLEMENT MARC! 


i ‘ 

| 
a 
= 
H 
1945 
2 


Table 7—Mechanical Properties of Nine Structural Steels in Various Heat-Treat Conditions 
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Table 7—Mechanical Properties of Nine Structural Steels in Various Heat-Treat Conditions 


Tensile Tests (1 


Yield rensile 
Strength, Strength, Elon., Ft 
Heat Treatment Psi., 0.1% Psi. % 2-In. Gage 17()° | —40° F 
Mn-Ti 
0.14 C, 1.14 Mn, 0.22 Si, 0.022 S, 0.015 P, 0.09 Cu, Trace Ti 
Heat Treated as '/2-In. Gage Plats 
Hot-rolled 45,600 72,800 34.0 36 
17,000 71,700 53.0 
+ 1100° F., 4 hr., F.C 44,800 69,200 34.5 33 
44 400 69,300 35.0 34 
Quenched, 1600° F., 1 hr. W.Q 
+ 800° F., 1 hr. A.C. 70,800 90,800 27 .5 33 
70,000 90 000 26.5 26 
+. 1000° F., 1 hr. A.C. 64,000 84 200 28.5 37 
62,400 82. 600 27 39 
r AL. 63,200 84,200 30.5 38 
66,200 84,000 27.5 
t 1100° F., + 1100° F., 60,400 81,000 35.5 39 


l hr. A.C thr. F.C 63,800 80,400 31.5 H) 


Experimental (3) Mn-Ni-Cu-Mo 
0.11 C, 1.04.Mn,"0.095 Si, 0.019 S, 0.008 P, 0.38 Ni, 0.70 Cu, 0.53 Mo, Al killed 
Heat Treated as !/,-In. Gage Plate °¢ 


Hot-rolled 57,600 838,000 20.0 
58,400 400 26 5 
+ 900° F., 4 hr. F.C 68,000 9] 800 24.0 
72,000 94,400 26.5 
+ 1000” F., 4 hr., F.C 68,000 90.000 25.0 
70,000 92 O00 95.5 
- Oe. F.C. 65,300 84,200 25.0 
72.000 87.600) 27 
Normalized 1550° F., 1 hr. air cool $5,500 76,500 29.5 60 97 
$7,700 77,200 32.5 62 ov 
68.000 ] ) ov) 
LOOO | hy F.C SO 100) iS. S800 
. t SO) SOO 31.0 
1150” F., 6 hr. F.C 200) 73,200 i 
4 } 44,200 yt 
Quenched, 1550° F., 1 hr. W.O 
tr 900" F., 2 hr. A.C 116,200 129,500 16 
000 L3t 16 
+ OOO"? | YOO” F.. 122. OOF 132.000 15 
2 hr. A.C thr. F.C. 123,000 135,000 ] ) 
2 hr. A.C thr. F.C 110,000 120,00 2) 14 
+ 1100° F., 2 hr. A.C 106,50 8,200 17 j 
+ L100° J 112,000 118.000 
2 hr. A.C thr. F.C 108,000 20) ,000 20.5 
4 1150 | hr A.C 47 600 110.20 2] 
1) LLL.60 >] 
1150° F., + 1150° F., 93,200 104,000 22.0 69 
2 hr thr. F.C 96,000 LOZ ,000 23 i2 
Tl il M LT 
1.44 Mn, 0.26 0.018 S. 0.009 P Cr Mo. killed 
Heat Treated a In. Ga Pla 
Hot-rolled 59 600 98 SOO 
900° F., 4 hr. F.C 68,500 94 000 99 
{) 17 200 260 
L. 1000° F. 4 hr. F.C 69 94 000 91.5 
71 (MW) Q5 S00 
1150° F., 6 hr. F.¢ 65,400 87,300 22.0 
70.500 RO 97 0) 
Normalized 1550° F., 1 hr. air cool tS.400) SS OOO 25.5 
900° F., 4 hr. F.C 97 200 79.200 18 
60.00 23 000 2 
+ 1150° F., 6 hr. F.C. 56,000 77,000 30.0 59 6 
56 000 78,500 er) 
Quenched, 1550° F., 1 hr. W.Q 
+ 900° F., 2 hr. A.C. 135,200 146,000 17.0 
136,000 147,000 18 


Lb 


(Continued 


Charpy V-Notch Impact Test 


at 
—~100° F 


s 
| 
y 
LU) 
j 
38 
| 
. 
37 
39 
4 
% 
16 
15 
is 
ret 
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Gage I 
| F.. 120,000 128.000 14.0 
9 A.C thr. F.C 122 ) 136,000 7 
I 2 hr. A.C 104,000 116,400 20.5 
104.000 116,500 21.0 
+ 1000" F., 98 O00 114.000 ing 
thr. F.C 103,000 117,000 LS 
F.,2hr. A.C 104.000 116.400 19 5 
LO8,000 121 200 20) ) } 
| 1100” } 200 108.400 
t hr. F.C 92,000 000 90.5 
I 1150° F., 84,00 102,000 25.0 6 
thr. F.C 54,000 104,000 29.9 
M i Mo 
0.26 C, 1.68 Mn, 0.24 Si, 0.021 S, 0.013 P, 0.33 Mo, Al t 
Heat Treated as '/,-In. Gage Plat 
lized 1600° F., 1 ha ur cool Indeterminate 126,400 LS 
125.200 
Si) 105.2 9 
84 LOS.000 
HO I l hr. W.Q 
160.00 173.600 
¢ 
Mn-Ni-Cr-M 
24 C, 1.20 Mn, 0.23 S 22 2M \ 
He i la 
O1 ) 
21) 
l hr. 
) 
A 
F.C 
0.20 C, 1.40 M1 S85 | Cr, 2 V, 0.05 
Hea I's la (sag Pla 
~ 2 & 
61. 
hr. W.Q 
AC > 112.750 19 
l 
l hr. AC 3 120 
- 
) | { 
Flat plate tensile specimen Gage section 2 in. X in. x thick f plat Speci 7 4 
V-notch (40° included angle, 0.01-in. radiu in Standard U.564-1n Uare Unarpy spe ‘ Bar t I t tion of 
Ing al notched perpendicular to plate surfac¢ Subnormal temperatut obtained by p ith 
hy I mens were broken within 10 sec. after removal fron i 
imxperu ta l Mn-Ni-Cu-Mo analysis suggested by Mr. H. L. Miller of Republic Steel Cort M r-M i 
ted by Mr. W. G. Theisinger of Lukins Steel Con pany: Sixty-pound ingot , ft 10 I 
tr at Watertown Arsenal Experimental Foundry and rolled to in. gage by Simond iw and St ( 


standard 0.505 in. diameter pe imet 


be in the neighborhood of 60%. The improved Extensive investigations’ have sl} that for fully 
of yield to tensile strength for quenched and quenched and tempered steels of 0.30 to 0 on 
Tryp red as opposed Lo slowly cooled Steels 1s clearlv there is remarkablv small deviatio1 from nstant 


\ 


10 


own by the tensile test results given in Table 6. relationship between hardness, tensile strength and vield 
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Table 7—Mechanical Properties of Nine Structural Steels in Various Heat-Treat Conditions nlinued < 
harpy 
Tensile Tests (1 V-Notch Impact Tests (2)—~ 
Yield Strength, Tensile Strength Elor 
>) 


strength. In fact, as shown by Fig. 7, once steels are 
fully hardened and drawn to the same hardness within 
the usual strength range of commercial structural steels 
no alloy combination appears to enjoy consistant advan 


tages in any of the properties reflected by tensile testing. 
Toughness 


As previously discussed, the relative toughness of steel 
may be compared by observing the impact energy ab 
sorbed by a st indard sample iS constraint against cde 
formation or rate at which deformation takes place are 


increased or as te mperature 1s decreased 


Che most con 
vement testing procedure is to determine notched-bar 
impact energy at normal and subzero temperatures 


Che temperature of transition from ductile to brittle 


Iracture 1s thus determined and the relative toughness of 


the steel observed. Table 7 gives this information for a 
number of steels in various heat-treat conditions at 
strength levels through the range of interest for con 
structional purposes 

Much of the mystery associated with differences in 
toughness.of steels of the same nominal carbon and alloy 
composition has been cleared up. It is now apparent 


Fig. 7—-Comparison of Mechanical Properties for a Number of 


Fully Hardened and Tempered Steels. (See reference 18) 
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Table 8—Influence of Directional Effects on V-Notch C} 


Values for Two Structural Steels 
Relatively clean cross-rolle 15 C, Mn-Mo, steel} 
hardened and ten pered cor lition 
\ ch ( 
Specimen Directio Notch Directi 
Parallel to pri val Parallel yf 
Transverse to Per] licular t 28 29 

cipal directi vf plat 28 OR 

rolling 
2. Relatively « uight-away rolled 0.10 C, 

the hot-roll 
V-Notch Char 
Specimen Direction Notch Dure Ft.-Lb 
Parallel to principal Parallel i } 

direction of rolling urfa 15 
Parallel to principal Perper lar tc 

lirection of rolling plat Lt 
lransverse to princi- Parallel to plat “ 

pal a ctu 
ver Pe ir to 

pal directi lat fac 

rolling 
that the principal factors influencing the toughne 
steel re 

Amount, form and distribution of rbid 

Z Amount, form and distribution of nonm« 

% (Grain size or related effects 

Aging characteristi 

[tis well established'’ that steels with high tu 
tion temperature carbides (lamellar-pearliti 
siderably infenor in toughn to fully harde 
tensitic) and tempered steels at the same stre 
other conditions remaining the sam Che « 
less marked the lower the carbon content. and | 
of less than 0.10°, carbor it an importa 
Even medium- or high-carbon pearlitic st Y 
tough if reheated sufficiently to heroidize the « 

It will be noted, however, th either of thi 
measure sacrifices le tt t} 

ine eliect ol carbice 1 butt on tou 
lustrated very well by Charpy \ tch in { 
eiven in Tabl the same steel heat t1 ed 1 

nd qt hing te ering 

lhe markedly superior toughness of quench 
steels o er hot-1 lle or thet 5] uel he 
it yield strengths above 70,000 psi. 1s the prince 
son for favoring their use for all high-strength ict 
ipplications requiring base metal with a high deg 
toughness. 

Long inclusions or concentrati of nonmetalli 
lead to severe directional properties and lack of tou 
transverse to the principal rolling direction This « 
may be minimized by cross rolling but there 
stitute for clean steel for structural applicat requ 
toughness. Durty steels sometime rive false 1 
tion of toughness when very high impact values art 
tained for bars cut parallel to the rolling directs 
notched parallel to the plate surface Such valu 
meaningless because laminations interrupt the me¢ 
nism of notch constraint giving a “‘split’’ tracture 
may be demonstrated if bars are taken transverse t 
rolling direction, or if notches are made normal | 


plate surface to minimize the effect o 
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lamination 
latter method is preferred where cross-rolled steel 
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d. In making notched-bar impact tests of psi. by reh ting for 
late the direction of the notch with respect to the lower degree of toughns 
lirection and the plate surface always should be pered steels at imilar 
ed, and high values associated with split frac In Fig. 7 Iz impact 
hould be discarded. The very important in strength for fully hardes 
| directional effects is illustrated by lable S&S evel lor m carbo 
enerally stated that fine-grained steels are much does not increase conti 
than coarse-grained ones and this ippears to be to | ! rengt \1 
ler conditions remaining the same, when the stee] the vicinity Mm)? | 
ined in its condition of use regardless of whether ult 1 ictual lowe 
nm coarsening temperature of the steel has been uue to less than th 
ishing of the steel melt with a suitable alumi nomaly 1 I 
tamium or vanadium addition, or the grain has tained austenite, t 
ed by heat treatment alons Whether tough tor Its effect I 
rain size are direct or merely related effects ha imuch more rapi 
estioned lack of toughness in coars tensile th 
teels prevents taking advantage of their i quenched steel 
depth of hardening in a similar ma 
e-grained austenite is broken up by hot 1 ling \t higher temper 
ling temperature lor rolling is usually above the lowered toughne 
yarsenil temperatures of even aluminum killed temper brittlen 
id there is erally no difference in { | grain mdition altho the 
irious type steels after rolling to the finishins tituent has t bee 
tures desired in good mill practice For opti at is observed in sus 
mbination of strength and toughness. juenched tempered in the vicinit 
ipered steels should be suitably deoxidized to Irom hig ier temper 


grain size alter commercial heat treatment temper brittl | 


hardening of copper-bearing steels is an factor in (merican 

hich ha been previously noted as a means definite detriment it 
reased strength Precipitation har lening manganese, vanadi 

reases the toughness of steel. the mi tional u requiring 

bet observed with the pre itatio1 [t probable « ! 
itment which produces the maximu1 copper-bearing steel] 
ensile strength Che limited dat i] \ bdenum usuall 
that low carbon structural steels in which brittleness For ste¢ 
nay be raised from about 50.000 to 70.000 tempers whicl I 
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Table 9—Externally Restrained Butt Weld Joints 


H | i ) 
( I 
Hot 
} 
min | N 
| \ 
Mn-M 
wt? 
ty I 
re I Wel ra 
Nort ili 
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10° F. pre it Ouench & t 
| hr. W.Q 
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SOO” hr. 
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1600° r WO 
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L60 lh W .O 
Sin) hie a. 
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tion, it is probably best to suspect temper brittleness 
until the steel is established as ductile by notched-bar 
or fracture tests. 

Several examples of temper embrittlement of steels in 
the quenched and tempered condition are disclosed in 
the comparisons of Table 7 Phe 0.20%, C, Mn-V, steel 
provides a very clear-cut example, a reduction of more 
than ‘half in the notched-bar impact value being produced 
by furnace cooling from the 1100° F. draw treatment 

The primary advantages in toughness of quenched and 
tempered over hot-rolled steels at equivalent or even 
very much lower strength levels is associated with the 
uniform fine carbide dispersion resulting from full hard 
ening. ‘The optimum toughness at any strength level is 
obtained 1n a clean, cross-rolled, fully hardened and tem 
pered steel of fine grain and free of precipitation-embrittle 
ment effects. 


Weldability Comparisons 
General Comments, Cracking During Welding 


rhe factors influencing the properties of welded joints 
have been indicated in Tables 2 and 4. Metal-are weld 
ing of plain carbon (0.30%, max.) as-rolled or normalized 
steels of the 25,000 to 35,000 psi. yi ld strength oT ides 
of moderate (1 inch thick or less) sections with mild 
steel heavily coated electrodes provides practically no 
problems under the heading of ‘Weldability Simi 
larly, the use of the low-carbon, low-alloy as-rolled or 
normalized steels of 40,000 and 50,000 psi. yield strength 
grades and alloy steel heavily coated electrodes present 
little dithculty. 

However, to obtain higher strengths 1n as-rolled steels 


may require the use of increased carbon and/or alloying 
elements which results in the formation of a hardened 


martensitic zone adiacent to the weld wherein ‘‘under 


bead cracks may form if ferritic electrodes wit! 

usual cellulosi type coatings are used These cracks 
may be prevented only by preheating the base metal or 
by using electrodes with the proper types of coating 
Hence, the welding of hot-rolled or normalized steel ot 
over approximately 60,000 psi. yield strength 1s limited 


by the underbead cracking problem to .hree possibilities 


| Use of preheat or other modification of the welding 
procedure to decrease the severity of the weld 
quenching cycle. 

Z Use of austenitic or alloy fer 
ritic electrodes with a modi 
fied type of coating which 
will not cause underbead 
cracking even though a mar 
tensitic type heat-affected 
zone is developed 

Se Use of low-carbon base metal 
compositions where strength 
is obtained by combination 
of ferrite strengthening and 
precipitation hardening al 
loying elements. 


By any of the above means it should 
be possible to weld hot-rolled steel 
of the highest yield strength available 3/16" Piriet —/ 
However, as previously discussed, _— 
hot-rolled steels, of the higher yield 
strength levels, are either in the slack 


for many hot-rolled steels in the 50,000 to 60,000 p 
strength grades can be quenched and tempered t 
very much higher yield strength levels. The suse: 
ity to underbead cracking of such steels appear 
no greater than for the low-strength hot-rolled st 
equivalent carbon and alloy content, because ex 
special carbide stabilizing treatments, prior he 
ment does not seem to have significant influence on 
bead cracking. 

[he occurrence of base metal cracks other t] 
underbead”’ transgranular type, which has bee: 
to be related to the electrode coating composit 
be considered. W he la steel is cooled Irom a hi 

perature under the influence of external str 
restraint in differentially heated sections, a hot 


intergranular crack may develop. Such cracks whi 


believed to be caused by the se gregation into the 


itic grain boundaries of low melting point compout 
prevented by reducing the differential thermal o1 
all stresses through modification of the welding p1 
or joint design and by avoidance of (hot-short 
metals which have low strength at elevated temper 

The presence of laminations, excessive or segt 
nonmetallics may initiate base metal crack 
strength structural steels must be of steel quality t 
suitable standards for freedom from lamuinati 
ind excessive directional properties. 

Although severely quenched and fully harden 


and medium-carbon martensite is shown to have 


amazing strength and toughn if the carb 
increased over approximately 0.30°7, the int t 
martensite reactior ets up transiormats tre 
high order, during rapid quenchi vhich im ! 
1 ind eventually result in the formation « 
miucrocrac it about 0.70' High-carb 
safely heat treated only by modifying the severit 
quench In welding high-carbon steel, similar 
necessary to modify the welding procedure in 
decrease the severity of the weld cooling cycl 
metal cracking is to be avoided. At Watertow: 


Laboratory, 0.40 C steel and 0.50 C steel 
quality and fully quenched and tempered to giv 


strength wel ovet (MH) O00) mst have hee1 

torily welded, in | ind in. gaye plate 1 

tively, with no precautions other than choice of ele 

ith coatings modified t d underb« 

The teels iTé belt ved to represetit bout the 
5 


quenched or precipitation-hardened 
condition and lack toughness. 

| 

It has been shown in the preceding 


discussion that steel ol no higher Cal 


bon and alloy content than that used Fig. 8—-Welded Box Beam for Simulated Service Test Comparisons 
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Table 10——-Tensile Properties of Butt Weld Joints 
Fensile Tests (3 


Yield Tensile 


Base Metal Post-Welding Strength, Strength Ek 
ling Procedure (2) Heat Treatment Heat Treatment eR Psi %, 2-In. Gag «ation of Fracture 
0.10 C, Cu-Ni-P (1 
4 In. Gage Plate 
68.640 2 Pla 
6 her F.¢ 18.080 | 
E-10010 Hot-rolled 80.480 7 
6 hr., I 14,800 7 
In. Gag P] 
OR 
led 
In. Gage I 
) } 
hr., | 
Hot-rolled 
thr., I 
( i-( M 
Gage PI 
| ) 
In. 
11 Hot rolle 
Tr P] 
lot-roll 
1] 
O hed & T 
f l hr. W.O HAZ 
{ 0° F.. Lhr. AA OF HAZ 
600° F., 1 hr. W.Q i" 
800° F., 1 hr. A.€ 
OO”? | hr. W.O H 
| 401 | hr. A( 4 HA 
600° F., 1 hr. W.Q 
| l hr. A.C 
600° F., 1 hr. W.O f 1) 
trode F-10010 600° F., 1 hr. W.Q 110 ) 
( Mn-T 
7a P] 
} 
{ 1 } 
ot-rolled 
trode F-10010 Hot-rolled 1} SOK 
Quenched & Tempered 19,401 7] \ 
} SOO" F., 1 hr. Os } 
rode I 1600° F., 1 hr. W.Q +) 
4P 1600° F., 1 hr. W.Q ‘ 
trode F 10010, 1? 800° l hr RF Plat 
preheat 1600° F., 1 hr. W.O 10 th 8.001 S 
800° F., hr. A.C 
1600° F., 1 hr. W.Q s 
1100° F., 1 hr. A.C. OOM 
trode | 1600 F., hr W th ( ) 
1100° F., 1 hr. A.C ul 
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Table 10—Tensile Properties of Butt Weld doints (Continued eolled 
Tensile Te 3 st 
Yield Pen ile 
Base Metal Post-Welding Strength, Strength, 
Welding Procedure (2 Heat Treatment Heat Treatment Psi BL Psi > 2-In. Gage Location of Fr [he o 
0.11 C, Experimental Mn-Ni-Cu-Mo 
In. Gage Plat ul 
Quenched & tempered 
1 1600° F., 1 hr. W.Q 1100° F., 4 hr., F.C. 865,00 1,000 12.5 Weld tic lim 
Electrode E-10010 1100” F., 2 hr. A. 87,200 l4 Weld 
Quenched & tempered af 
| 1 he W.O LL0.000 Weld 
5 1100° F., 2 hr. A.C 83,000 107,000 lv.o Weld le 
Electrode A 1600° F., 1 hr. W.Q 1100° F., 4 hr. F.C. 81,200 2,400 21.0 Weld | 
OO” F., 2 hr. A.C 86,200 103,600 Weld 
0.19 C, Experimental Mn-Cr-Mo (1 +t 
In (rage Plat 
() nch & tempr 
600° F., 1 hr. W.Q 1100 hr, F.¢ 84,000 104,80 Weld 
Electro Wie 1100° | 2 | A.C OOO ) \ ld 
Quen he te npere 
1600° hr. W.Q 87,200 110,200 Weld 
5 1100° F., 2 hr. A.C 84.000 re Weld ti 
Electrode A 1600° F., 1 hr. W.Q 00° F., 4 hr. F.C, 77,800 18,80 20 Weld 
LLOO” 2 hr. A.C TQ BOW) 99 HOU () Weld 
0.26 C, Mn-Mo Ch 
In. Gage Plat t 
Quenched & tempered 
2 1600° F., 1 hr. W.Q 85,300 104,100 ) ey 
Electrode E-1LOO1L0 F., 1 hr. A.C $1,100 SO >.0 Weld and HA 
1600° F., 1 hr. W.Q 1100° F., 4 hr. F.C 80,400 81,600 Base Metal ( 
800° F., 1 hr. A.C 104,100 16,300 35 
Quenched & tempered ; 
iP 1600° F., 1 hr. W.Q 78,780 108,200 6.0 Weld and HA 
Electrode E-10010, 400 800" F., 1 hr. A.C 87 350 111,000 8.6 Flake = 
Ch 
F., preheat 1600° F., 1 hr. W.Q 1100° thr. F.C 104,080 121,200 16.0 Weld 
800° F., 1 hr. A.C 100,800 122,800 17 Weld 
Quenched & tempered 
5 1600° F., 1 hr. W.Q 79,500 117,00 5.0 Weld 
Electrode At 800° F.. 1 hr. A.C. S88 7OO 126,000 6.0 Fishey 
1600° F., 1 hr. W.Q 1100” F., 4 hr. F.¢ 96,700 115,000 13.5 Weld 
800° F., 1 hr. A.C, 98,000 115,100 11.5 Weld a 
Quenched & tempered t 
1600° F., 1 hr. W.Q 000 105,000 () Weld Wy 
Electrode B} 800° F.. 1 hr. A.C R2 000 103.700 5 (Fisheve 
1600° F., 1 hr. W.Q 1100° F., 4 hr. F.C 96,700 112,700 12.5 Weld . 
800° F., 1 hr. A.C Q7 500 113,500 12.5 Weld : 
Quenched & tempered 
7 1600° F., 1 hr. W.Q 76,300 103,700 6.5 Weld 
Electrode Ct 800° F., 1 hr. A.C 79,600 114,300 9.3 Fisheye [ 
1600° F., 1 hr. W.Q. 1100° F., 4 hr. F.C, 86,300 104,900 14.0 Weld rv 
800° F., 1 hr. A.C 87,350 104,500 13.0 Weld Lies | 
Normalized 84,900 108,200 8.0 Weld erst 
7 1600 ] hr A 43 L11,0 Fisheve ) rb 
Electrode Ct Normalized 1100° F., 4 hr. F.C. 83,300 102,400 18.0 Plate meta 
1600° F., 1 hr. A.C 84,500 103,700 18.0 Weld excret 
* Fisheyes 2 See Table 12 for details of welding procedures , 
' Heat-affected zone (3) Flat plate tensile specimens. Specimen transverse to wel I 
t Alloy ferritic electrodes with lime bass mineral coating to principal direction of rolling of base metal. Weld reinfor LOO 
‘neue ment ground flush with plate. Gage section—2'/, x ! EF 
] See Table 7 for chemical analyses and mechanical prop et 
erties of base metal 
mum carbon contents for welding without preheat. in order to avoid weld metal cracking when welding 
They considerably exceed the possibilitic s of welding, loy steels with certain electrodes [t appears neces (K) 
without preheat, with electrodes of the usual com to qualify welding procedure, in this respect, by m¢ base 
mercial alloy ferritic types; or the necessities for optimum of a test similar to that illustrated in Fig. | Fable 9 troll 
properties in quenched and tempered structural plates gives the results of externally restrained weld joint 
The welding of medium-carbon alloy steel, especially for hot-rolled and heat-treated low- and me 
where alloy electrodes are used in an attempt to obtain carbon alloy structural steels welded with E-10010 el 
high weld metal strength, often presents a serious prob trode with and without preheat and with alloy fer elect 
lem of preventing cracks in the weld metal during’ electrodes with a modified lime base mineral type « reli 
cooling. There is considerable difference in weld metal ing. 
cracking susceptibility observed for deposits of the same There is no reason to believe that there is any 1 
tensile strength made with various commercial brands of | tendency for cracking either of the weld or base n ques 
electrodes, and it is sometimes necessary to preheat during welding for quenched and tempered than for | B-1 
146-s WELDING RESEARCH SUPPLEMENT MARCH 445 


+, 


rolled steels of equivalent carbon and alloy content base metal cracks of the underbead typ \ 400° F q 
steel quality even though the quenched and tempered preheat eliminated cracks (see also Table 9), but the 

steel be at a considerably higher yield strength level. weld metal and heat-affected zone were embrittled and 

lhe only possibility 1s that the additional rigidity of the flakes were observed in the heat-affected base metal of the 


strength structure would increase the difficulty of broken specimen Stress reli 


~ 


ing internal welds, and this would occur only when ippears to have eliminated the embrittlement and it 1s 


unaffected base metal was stressed beyond its elas indicated that a vield strength of 95,000 1 is obtainable 
tic limit by the welding thermal stresses in welds made in medium C quench nd tempered 
steel with E-10010 electrode provided that suitable pre 
: ile Strength of Welded Joints heating and thermal stress relieving ar rned out 
the absence of cracks, the tensile strength of a None of the three brands of alloy territ electrods 
led joint is limited by the strength of the weakest of with modified mineral tvpe coatings produced base metal 
urt unaffected base metal, weld heat-affected cracking when welds were mad lo 
1, or weld metal. In every weld, not subsequently quenched and tempered steel Howevel! ll thre 
t treated, there is a band at the outer edge of the heat these electrodes showed varying degre: if general em 
cted zone which has been heated for a short time to a___ brittlement and several fisheyes in the wv metal wl 
nerature which may soften the base metal If the tested as-welded In view of the worl veld met 
metal is of relatively high strength, the alloy com embrittlement done by Zapffe at Wm t appear uit 
tion of a type not resistant to tempering, and the logical to assume that the amount of lrogen introdu 
welding procedure such as to produce a continuous into the weld metal (probably from con | moistur 
tened band through most of the thickness of the plate the electrode coating), though not su t iuse bast 
single pass weld made with heavy electrode on thin metal cracking, 1 till producing wv tal embrittl 
te), failure may occur through this band ment As is well known, the hydroget be removed % 
The major portion of the weld has been heated to tem ind ductility recovered by suitabl treatment 
tures increasing progressively from the lower criti ind this has been accomplishe 
rdening temperature to the melting temperaturs relieving treatments. Yield strengt 15,000 
ept when the welding heat input is very large in rela electrodes A and B $5,000 | r electrode C wert 
to the thickne ind hardenability of the base metal obtained after stress relieving \ il weld w 
trength of the heat-affected zone in the velded made with electrode C in normalize ( if | 
lition will materially exceed that of the unaffected — steel Failure of one of the tra erse tensile bars in tl 
se metal and tensile failure will not occur primarily unaffected plate metal indicates that the strength of th 
ugh this part of the weld normalized plate is close to that of the wel etal 
lhe strength of the weld metal depends upon the re Che strength of a esi 
e of the deposited metal to the heat treatment 1m is Well as the “‘pounds per square 1 tt metal It 
ed by the welding procedure Chis involves a com i transverse load 1s appled to a butt wel nt with the 
interrelation between a large number of variables reinitorcement in place, the effective ct ti 
the present it is sufficient to observe that by us weld metal is increased but a str entratt 
properly alloyed electrodes with good operating char duced at the junction of the weld reinforcement with 
teristics and ability to make restrained weld joints plate which may locate failure [t Det tly feasibl 
thout cracking, it is quite possible to obtain as high as _ to fabricate high-strength structural steel wit l 
1,000 psi. yield strength weld joints in structural which give weld deposits of lower unit yield strengt} 
brication of »-in. or lesser gage plate It is probable the weld joints are of suitabl 
it the electrode manufacturers will be able to keep pace [here is no reason to believe that the tensile strengt 
th demands for even higher yield strengths of the weld metal or the | it = 
lable 10 gives the tensile properties of butt welds made in quenched and tempered steel is less than that of a w 
seven of the steels in various heat-treat conditions made in hot-rolled steel of equivalent rbon al 
vhich chemical compositions and mechanical proper contents 
lies prior to welding were given in Table 7 he tran 
e tensile specimens from butt welds in the four low 7 : on 
bon commercial structural steels failed in the plate 
metal beyond any heat-affect of the welding operation he toughness of the weld metal i the base met 
pt when partially embrittled weld metal (fisheyes may be evaluated by notched-bar impact testing through 
ent) was encountered in one weld made with the a suitable range of temperatur \ number of variable 
-10010 electrode and when the use of a high preheat involved in the intriguing steel 
00" F.) produced heat-affected zone failures. Highest metal arc welding are bey 1 the 
eld strengths were obtained, as « xpected, in the copper but the toughn of the low-carbor rritic W met 
precipitation-hardened hot-rolled and in the quenched — sufficiently all d to obtain the desir: tt 
| tempered steels with the low (SO00° F.) draw tem subjected to the multiple pass wel ' 
erature. The 0.11%) C, Mn-Ni-Cu-Mo and the 0.199) C, | tempering effects, generally compares favorably with th 
Cr-Mo experimental steels were welded with an E of the unwelded base metal 
0010 electrode and an alloy ferritic electrode with a lim« The toughness of the tempered band in the b metal 
base mineral type coating (modified or hydrogen con heat-affected zone is of the same order as that of the ur 
lled to decrease susceptibility to hase metal cracking fected base metal but improved by 1 yn of the slight 
preheat was used for any of these welds The re softening The toughn of the heat-afi 


of transverse tensile tests show excellent combina iffected by the sam iriabl is the velded bast 
of strength and ductility for the welds made with metal With evidence that fullv hard | martensiti 


ectrode with modified coating both as-welded and stress structures at least to 0.30 maximum carbon conte! 
leved and for the welds made with the E-1001L0 ele are vastly superior 1 toughne t pearlits tructur 
le after stress-relief treatmen and are further improved by subsequent temperi 

fensile specimens from the butt welds made in tions, it becomes apparent that, in th sence of under 
nched and tempered 0.26% Mn-Mo steel, made with bead cracks, a hardened heat-affect 


“-10010 electrode without preheat failed through sitic type mucrostructures is more desirable b 
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1¢ toughness of the weld joint as a whole is very si; 


th and toughness than a slowly cooled (slack- 
hed) soft pearlitic microstructure. 
els properly deoxidized to have high-grain coarsen 
mperatures are preferred for welded fabrications 
ring toughness. In addition, the 
ture in the heat-affected zone may be limited by 
ise in the welding heat input or broken up by mak 
ise of multiple passes which will refine the grain 
by previous welding. Serious detrimental 
due to aging characteristics have not been ob 
probably because the time involved in 
ind cooling through the critical range hort. 
effects on toughness to be expected during post 
r stress relieving or full heat treatment have been 
ited in the discussion of base metal properties 


coarse-grained 


¢ ned 


in welds, 


ntly affected by the geometry of the weld and the 
ion and extent of macro-defects. The improve 
high-strength weld joints, undet 

r conditions, by attention to details of joint design 
voidance of notches at the junction of weld rein 
ment and base metal 1s really amazing; hence, the 
ibility of suitable toughness tests for welds 


ribed welding procedures for commer 
5 


the results of repeated impact nick 


cture al bend fracture tests (Figs. 2 and 3, 
tivel for butt welds from several of the weld 
e tensile properties have been previously discussed 

iven strength level a decided improvement 


iness of the welded joint is shown in nick-bri 

, both by number of blows to failure and the appear 
for welds made in quenched and tem 

However, use of a 400° F ] 

i brittle heat The hot-rolled Cu 


preheat pro 


iffected zone. 


eel has very low toughness in the Cu precipitati 
The bend fracture test 


ned condition. discloses 


defects at fusion line or in heat-affected zone: very poor 
results being obtained for the Cu precipitation hardened 
welds and the weld made in the Mn-Mo plate with 
EK-10010 electrode without preheat Che |] number of 
impacts obtained for bend fracture test of quenched and 
tempered Mn-Mo plate appears to be partially a result 
of undercutting at the root of this weld 


Stmulated Service Test 


Mr. W. L. 


Comparison 


Warner at Watertown Arsenal h made 


comparative tests of box beam 1 
thick structural plate in the hot-rolled and tempered 
conditions, both as-welded (one 1 llet welds made 
vith s-in. diameter A.W.S. Cl Ef 2 electrode 
and after stress relief at 1150° F. for 4 hi The beams 
illustrated in Fig. 8) were tested by repeated dropping of 
a 200-lb. weight from a height of | ft Tests were 
made at room temperature and after chilling the beam 
to approximately GO” F. by plugs ( la fill 
with a mixture of dry ice and acetone 
Che chemical composition and tensile properties of the 
base metal were as follows: 0.12°7, ¢ 
S, 0.013% P, 0.19% Si, 1.56% Ni and 0.94°% ¢ 
Heat 1] 
\ 
\ 
AC 
W 
) 


Fig. 9-Box Beams Welded with ? is-In. Thick Ni Cu Structural Plate in Hot-Rolled Condition and E-6012 
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Electrode. Tested at Approximately 
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90° F. with One Blow of 200-Lb. Weight from 12! ’, Ft 


1! 
tou 
harcde > 
{ 
A — AS WELDED 
4, 
B — STRESS RELEIVED FOR 4 HOURS at 1150°F, 
‘ 
H 
149-s 


Fig. 10—Box Beams Welded with 
tion and E-6012 Electrode. Tested at Approximately 


12 


At room temperature, beams assembled from hot 
rolled plate and tested in the as-welded condition with 
stood three blows with only slight buckling of the plate 
and no weld failure. At —90” F. the beams made from 
hot-rolled steel both in the as-welded and stress-relieved 
condition failed by brittle fracture on the first blow of the 
weight as shown in Fig. 9 The beams made from 
quenched and tempered steel showed cracks in the weld 
metal on the first blow and these cracks extended for 
short distances into the plate metal after a second blow, 
as illustrated in Fig. 10. Itis apparent that the quenched 
and tempered steel, although significantly higher in 
yield strength than the hot-rolled steel, is tough and re 
sists general failure even under this very severe testing 
condition and after a crack has been started in the weld 
metal by the first impact. 


Summary 


The relation of weldability to the hardening response 
of the weld heat-affected base metal is now known to be 
superficial and often inadequate. A consideration of the 
interrelation of base metal and welding procedure vari 
ables and of the importance of weldability with respect 
to other properties of the base metal and to design fac 
tors (Table 1) leads to the following definition: Weld 
ability is the capacity of a steel to be fabricated by a pre 
scribed welding procedure without detriment to its serv 
ice properties. 

The first step in weldability evaluation is establishment 
and prescription of the significant welding procedure 
variables and control of these variables within the limits 
practical for commercial fabrication. Welding procedure 
variables are brought under control by establishing the 
factors listed in Table 4. : 

For the purpose of weldability evaluation, service 
properties are considered to be the quality characteris 
tics required for a given service application. For ordi 
nary structural applications, the requirements of the 


150-s 


s-In. Thick Ni-Cu Structural Plate in Quenched and Tempered Condi 
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Welding 
Proce- 
ure Bo 


1 


A AS WELOEO 


8 — STRESS RELEIVED FOR 4 HOURS aT 1150°F. 


90° F. with Two Blows of 200-Lb. Weight from T 


2 Ft. 


base metal and all components of the welded joint 
strength, toughness and soundness The imp 
of these characteristics and the methods by whicl 
mav be evaluated are discussed 
For specification purposes, weldability requ 


tion as a quality characteristic which shou 


ered by the base metal specification 2) a fact 

must be considered in establishing and qualifying 

ing procedures and which influences the quality 

completed structure. The base metal specificat stret 
should therefore include specific requirements for «1 ectio 
characteristics in test welds made with a prescrib 
welding procedure representative of the fabricatior tres 
essing Phe product 
include process control features for establishment becon 


acceptance specification shoul choice 
prescription of welding procedure factors and tor quali! treat 
cation of base metal and operators with the presc! mou 
welding procedure as well as inspection and enforcement §) temp 
features with adequate inspection and requalificat ® Ther 
provisions more 
Commercially obtainable base metal properties hot-r 
rolled and quenched and tempered structural steels a! Th 
summarized in Tables 6 and 7. The approximate tensil tem] 
strengths for steels in various heat-treated conditions a! steel 
shown in Fig. 4 as a function of carbon content 1 reaso 
tensile strength of hot-rolled plain carbon steels fall 
slightly above the range of values indicated for pearlit meta 
t, but large variations may be encounter nes 
as a result of mill variables. The tensile strengt were 
hot-rolled steels may be increased somewhat by additi in 
of suitable alloying elements. The addition of « el ind 
to hot-rolled steel of low-or medium-carbon content 
mits an increase in tensile strength of approximate! ippt 
20,000 psi. if the steel is reheated and held for a suit toug 
time interval at the appropriate temperature. Exc ing 
time or temperature results in loss of strength by I met 
aging as shown in Fig. 5. gate 


steels in Fig 


The maximum strength of fully quenched ste¢ post 
proaches the upper curve of Fig. 4 Che use of alloying toug 
elements is the principal means of obtaining increas ga 
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Table 12—Details of Welding Procedures for Butt Weld Joints (1 
Dimensions of (2) 
Welding Base Metal Mild Steel Init. Vax. 
Proce- Sections Included Root Back-up Bar Pass Elec. Plate Interpacs 
gure Bos Ame. Electrode osition Kon Ding Ye Am. Tem Temp. 
1 12" 1/4" Go® 1-1/4" 1/8" B-10010 1-3 5/32" 2h 130 70°F. 200°F, 
3 
2 12" 1/2" 5/32" 1/4" 10010 1 5/32" 26 1k 70°F. 200° F. 
3/16" 2s 125 
128 3/ E-10010 1 58/32" 2) 70°F, 200°F, 
2-3 3/16" 25 18 
16" sv 1/48 E-10010 1-5 3/16" 24 168 200°. 
16" 1/2" we sv 1/4" Alloy Ferritic A 1-5 3/16" 22- 215 PF, 200°%, 
Stainlese Type Coatiz 3 24 
= 
16" we sy 1/4" Alloy Perritic D 1e5 36" 22 70°F. F. 
Stainless Type Coating 
7 16°" 5* 1/2" sv 1921/4" 1/4" Alloy Ferritic C 1-5 36" 22 70°F. 200° F 
Stainless Type Coating = )-3 
NOTES: 
(1) for all welds - (2) Except for externally restrained butt 
Base metal section flame cut to size. weld jointe — see Figure 1 and Table IX. 
Bevele flaze cut. 
Welds made in flat position with hold-down clarzps. 
Back-up bar removed by machining after completing 
all welding on top side; seal bead then deposited 
with plate at initial temperature. 
Direct current, reversed polarity. 
trength in steel of a given carbon content when the Phe effects of the welding procedur ent of 
ection 1s too large for plain carbon steel to completely cracks during welding and on the 1 { d 
jue h out When it is necessary to include a thermal toughness of the weld met il and heat e metal 
tress-relieving operation in the fabrication process, the ire discussed No significant diff I these 
choice of suitable alloying elements to resist softening characteristics aré¢ expected to result e use ol 
becomes important and unless it is possible to fully heat quenched and tempered in place of hot led steels of 
treat the completed structure, a compromise between the equivalent carbon and alloy content t juality 
mount of stress relief and the strength of quenched and he susceptibility to cracking during ] g may be 
tempered or precipitation hardened steels is necessary determined by making test welds under liti of 
he ratio of yield to tensile strength is much higher and external restraint: examples are giv Table 9 Ir 
ae si in quenched and tempered steels than in the absence of cracks. the tensile str welded 
not-rTro 
led joint is limited by the weakest of its parts flected 
Pcs markedly superior toughness of tully harde nedand hace metal. weld heat-affected base metal or wel etal 
em pe red steels over hot-rolled or other siack quene hed 14 
3 Che tensile properties of butt welds ma vith seven 
steels at yield strengths above 70,000 psi. is the principal ' ’ 
th st steels, in various heat-treated conditions summarized 
eason for favoring their use for high-strength structur: 
in Table 10. Yield strengths exceeding SO,000 ps1. wer 


ippheations requiring toughness. The effects of non 
metallic inclusions and aging characteristics on tough 
ness of both hot-rolled and quenched and tempered steels 
were investigated Long inclusions or concentrations 
| nonmetallics may lead to severe directional properties 


ind 1 ( 
ind lack of toughness transverse to the principal rolling 
Mrection. Precipitation hardening of Cu-bearing steels 


ippreciably decreases the toughness of steel, the minimum 
iness being observed with the precipitation-harden 


ing treatment which produces the maximum improve 
ment in tensile strength. Several of the steels investi 


gated were susceptible to temper brittleness, and when 
post-welding thermal stress relieving is required the 
oughness of steel after such treatment should be investi 
gated. 
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obtained in transverse tensile te 
welds made with Electrode E-10010, w 
in quenched and tempered 0.11%, C 


is indicated that vield strengths of 95,000 1 


able for butt welds in 
tempered steel welded 
that 100 

welding thermal stress relief are emploved 


electrodes, 


medium carbon 
Electrode | 


preneat 


with 
idequate 
with modified lime base miner 
permit welding of such steels without p1 
stress relieving yield strengths exceedin 
transverse tensile tests of 


Mn-No steel 


obtained in 


welds in 0.26°% C, 


While the toughness of the weld-affected 
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the weld metal itself may be less than that of unwelded 
quenched and tempered base metal, structures fabricated 
from properly made quenched and tempered base metal 
are not subject to general brittle failures, even when at 
relatively high-strength levels, because local brittle 
failures in the weld joint do not readily propagate 
through the unaffected base metal as they do in structures 
fabricated from hot-rolled steels which lack toughness. 
[his is demonstrated by re peated impact tests of butt 
weld joints (Table 11) and by simulated service impact 
testing at subnormal temperatures of welded box beams. 

The importance of the attitude of confessing ignorance 
with regard to certain of the fundamental factors of serv 
ice or the relative importance of these factors as involved 
in weldability evaluation should be emphasized. While 
it is possible to set up tests for strength, toughness, 
soundness and other special quality characteristics re 
quired for structural applications, these tests are of value 
only to the extent that their results may be correlated 
with service performance. Where such factors as geo 
metrical constraint and residual stresses introduced 
duying fabrication must be considered in specifying the 
degree of strength, toughness and soundness required for 
the base metal and weld joints of a fabricated structure, 
the necessity for full-scale service or simulated service 
tests 1s readily apparent. 
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Reviews of Recent 
Foreign Welding 
Literature 


EpitoR1AL Note—The Welding Research Council is 
unable to obtain current foreign welding literature and 
these abstracts are taken from the Welding Literature Re- 
view published by the Institute of Welding. 


THE QUALITY OF RESISTANCE FLASH WELDS OF HIGH 
TENSILE Steecs. Ill. Luftfahrtforschung, vol. 21, 
1944, Feb. 28, pp. 17-28. 

The experiments were carried out mainly with two Cr- 

V alloy steels, one of which contained also Mo. The 

chemical compositions are given.. The material was 

available in plates 12, 20 and 25 mm. thick and 120 mm. 

wide, the flash butt welds being carried out on a A.E.G. 

resistance welding machine employing a specific upset 

pressure of ~5 kg./mm.? over a travel of 4-7 mm. The 
material burned away corresponded to about 12—16mm., 


the total welding time 30 sec. After welding th 
was cooled in air and subsequently heat treated, th 
different processes employed being given in full 

} 


covered the usual mechanical qualities such as ter 


notch impact, fatigue and bending. The results ol 
tests are givenin full. (Abstracted in J. Roy. Aer 
1944, Oct., pp. 606-607. 


EIGENSCHAFTEN HOCHWERTIGER STAHLBANDER 
IHRER PUNKTSCHWEISSVERBINDUNGEN. III. 
erties of High-Grade Steel Strips and of Their 
Welded Connections. Luftfahrtforse hung, 1944 


6, pp. 311-322. 


This is a report on an investigation of the propert: 


soft-annealed, refined and cold-rolled strips. 


strips were of nonalloyed, low-alloyed and aust: 


steels, in thicknesses of 0.3, 0.6 and 1.0mm. The 
tigation was made to determine the following proj 
Static strength coefficients in the longitudinal and 
verse direction before and after annealing; react 
corrosion in fresh water and in a sodium-chloricd: 
tion; proper coating materials as surface prot: 


and reaction to stress corrosion. Static strength, t 


strength and fatigue strength of spot-welded conn 
were also investigated. There are 57 illustra 
(Abstracted in Aero. Eng. Review, 1944, June, p Q7 
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Graphitization of Welded and of 
End-Quenched Carbon and 
Molybdenum Steels 


By G. V. Smith’ and S. H. Brambir 


Abstract 


quenched specimens and welded samples of a series of carbon 


ranging from 0.15 to 0.80% carbon, and of low-carbon 0.5% 
enum steels, some of which had been heat treated 4 h it 
F. immediately after welding with the aim of preventins 

tization, were examined for graphite after 1000, 200I 

at 975-1050" F. 
Introduction and Summary 

YARLY in 1943 an interesting and important failure 
4 occurred in a molybdenum steel steam pipe which 
4 had been in service for about 5 yrs. at about 
950° F. at the Springdale Generating Stats of the 
West Penn Power Co. This failure has received wide 
ity within the power industry and has occasioned 


both a creat deal of speculation as to its caus ind a 
great ce il of experimental investigation directed il pre 
enting its occurrence and at rehabilitating affected pipe 
e of this has already been described in the litera 
ture This report describes further investigation 
ed al two principal lines, namely, study of 
ind of end-quenched samples of 0 O.SO' 
I teels and of low carbon 0.5% molybdenum steel 
llographic examination was made after 1000 
000 hr. at 975° F. and after 2000 hr. at 975° F. ph 


QO hr. at 1050° F 
of the sample w 


\fter each 1000-hr. period 1 por 

taken for examination, the r 
under being returned to the furnace 
With the weld sample s, a study of the « lew 
iriations in type of steel, original condition of treatment 
welding, and of heat treatment immediately 
iter welding, showed that localized graphitization ox 
curred in the heat-affected zone of a weld laid down at a 
relatively rapid rate on molybdenum steel; also that this 
localized graphitization was successfully prevented in a 
companion section by treating the affected portion for 
: hr at L300 I prior to exposure at Q75 1050 F., as 
uggested earlier by Smith and Miller.® 

Che second portion of the investigation was a metallo 
graphic study of the progress of graphitization in end 
quenched samples of several plain-carbon steels of differ 
ent carbon content and of molybdenum steels made by 
both coarse- and fine-grained deoxidation practice. The 
purpose of end quenching was to produce a gradient of 
strug ture and thereby to permit a qualitative study of the 
eflect of the initial structure upon tendency to graphitiza 
tion. Unfortunately, none of the molybdenum steels 
All the 


Research Committee on the 


fiect of a 


peed of 


graphitized under the conditions of experiment. 


ontributed by the Joint A.\S.T.M.-A.S.M_E 


of Temperature on the Properties of Metals for presentation at : 
An il Meeting, New York. N. ¥ November 27—December 1, 1944, of The 
rican Society of Mechanical Engineers 
TResearch Laboratory, | Steel Corporation of Delaware, Kearny, N. |] 


carbon steels graphitized, however f the 
structures present in the end-quenche 

site was most subject to graphi | rt 
site region the number of nodules of graphite was large 
but their size was small, whereas in the pearlite region the 
number of nodules was very small but their size wa 


relatively larg 


Experimenta! Details 


Phe Springdale Stat fa e r hit 
Zation 1 that re Li I eld, 
which during the welding had 1 tu if 
som | lightly ab t 
tion te erature [t ] be | l 

iti occurre in this re Y ude re 
sults rom t1 for ti tenite 
whi formed during welding, w \ 
this regio Whether or not differ tio 
ir ori it, it is a fact that go red 
in the irrow region heated to lows 
criti Further tne g lent ter 
ti h treatment can be produce ‘ 
Or by I Lie t heat r Sol re to 
study the phenomena it is nece these 
two ethods bu nee in the |] eriti obt 
1 Trey cible steep temperature I ve be 
wert ed 

We obtained, through the courtes\ f Mr. R. W 
Emerson of the Pittsburgh Pipi Eq nent C 
a piece of pipe which had been ret é he Spring 
dale Station Sections approximate il 
were prepared from the pipe, and v rmalized 
'/> hr. at 1650° F. and the other '/> hr 00° F.* in 
order to permit study of the effect of ini 1cture 
The markedly different structures resulting from thes« 
treatments are shown in Figs. 1 (a) and , respet 
tively. Sections approximately 1 x 3 x 4 in. wer 
prepared from a molybdenum steel of coarse-graine 
oxidation practice (the Springdale pipe wa f fine 
grained deoxidation practice) and from a plain-carbor 
5.A.E. 1020) steel of fine-grained deoxidation pract 
both of which had been normalized '/. hr. at 1650° | 
The structure of the coarse-grained I lvbdenum 
steel was intermediate between that of Fis ind 
| (6), whereas the plain-carbon steel had a grain structure 
similar to Fig. 1 (a), except that, as might be expected, 

* The pipe in which the original failure occurred : ar 
grain e which resulted durin 
the wa t thought that th contr ted to graphit 
reference 
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(a) Normalized 1650° F. (b) Normalized 2000° F resolv 
Fig. 1—-Springdale Pipe. Picral Etch. 250 
t was 
weld 
the structure showed no Widmanstatten characteristics TT SS nv d 
. sation Chemical Composition 
A deseription of these steels 1s given below Pype Practice ( Mn i M heat t 
Fin ( 6 0.83 Of . 
Me Coar rain 1¢ 10 Alt 
\ bine alt 0.18 ) 
Deoxidation Chemical Composition* 1 ) 0 64 014 0 g 
Steel Practice Cc Mn P Mo Al graph 
Mo sprin if the 
Pipe Fine-grain 0.14 0.50 0.015 0.020 0.17 0.47 ; , umpl 
Me 0.16 83 0.019 0.023 0.23 0.49 0.005 Three specimens were prepared of the ‘“‘fin 
\ ne-vrain 0 20 0.594 0.20 0 O31 
0.5 molybdenum steel and one of each of the othe: > 
The analy of the pringdale material is that reported for the pipe in samn 4 1 iValla 
igh melted to the same specification oxidation and decarburization) for '/» hr. at lt ; | 
, of thi 
ind end quenched according to standard pro tt 
le 
Immediately after quenching two of the fin 
On the opposite faces of each of the sections, a narrow 0.5 molybdenum steel samples were given a heat appre 
and a wide weld bead were laid down under the following ment of 3 hr. at 1200° F. and 24 hrs. at 1300° F., r 
TESS 
conditions tively, with a view to studying the effectiveness of we 
prin 
treatments 1n preventing graphitization issumil th 
rehe: No at ro ‘mperature neal 
Preheat room temperature graphitization occurred in the sample end quenche: 
Electrode For ! Mo Murex C-Mo 50 . , velop 
For S.A.E. 1020: Murex F All samples were then subjected to the heati sect 
Weld type: Bead weld deposited in flat position samplit 4 schedule des« “rs d tor the weld sampl 
; Because of the gen il interest in the question w 
W ide Narrow 
Current, amp. 200 
Ar volt igt wo 
Speed, in./min, 3 9 
Heat nput, Btu./in. 171 37 
The appearance of a typical weld sample 1s shown in 
cross section at 2 X in Fig. 2. 
j Each such weld sample was cut transversely into two * 
4 equal sections, one of which was subiec ted to a tempera ¢ 
: 
ture of 1300” F. for 4 hr. and air cooled. All sections was 
were then introduced into a muffle-type furnace at 975‘ 
F. for 1000 hr. Upon removal from the furnace, a trans 
verse section was taken from each sample and the re 
mainder returned to the furnace at 975° F. and held for 
another 1000 hr. After this interval, sections were again 
taken and the remaining portions introduced into thi 
furnace, whose temperature had been raised to 1050° F., me 
and held for a final 1000-hr. period. : 
} 
end-Ouench Samples 
( ple Fic 
For the second main portion of the study, standard R 16 
) 
end-quench test specimens | in. in diameter by 3 in. in Fig. 2—Weld Sample. Narrow and Wide Weld Beads. Etched 
length were prepared from the following steels with Nital Then Picral. x 2 
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eels containing chromium are immune to graphitiza of Fig. 3 (0), 1.e., m a portion of the heat-affected 
J jad ctions of two such steels, Bain steel and 5 Cr which had reached a temperature of approximately 
were included. The initial conditions were as  1350-1400° F Thus, the efficacy of the preventive 
‘. rmalized hr. at 1700° F. and as-treated 4 hr. at treatment suggested by Smith and Miller* has be 
00° F. immediately after normalizing. The chemical proved, at least for the sample studi 
sition of these steels was as follows Though not detected in the earlier sa raphite 
was observed in the heat-affected zone of the wide weld 
2 Ivy Cc Mn «p S Si Cr Mo of the Springdale 1650° F. sample after the O50" J 
:' 0.16 0.52 0.55 1.78 0.78 treatment, though in rather small amount and spread 
( Mo 0.13 0.37 0.016 0.011 0.36 5.48 0.61 over a greater distance (as could be expected for a wide 
heat-affected zone) than in the heat-affected zone of the 
in the unafiected base metal of thi : NO graphit 
Weld Samples was detected in any position in at f tl ther samples 
\fter 1000 hr. at 975° F., the sections removed from "Ce NO eee is found im the pla rbon mee 
the weld specimens were carefully examined, particularly MUSE con lude the tendency to graph 
nea;r the lower end ol the heat affected zone, the greater 
: resence of graphite. The only instance in which graph steels, which is 1 ther Surprising 
’ was detected was at the lower end of the heat that « wheapee forming elements, such mol bdet um, are 
flected zone of the narrow weld in the Springdale sample 5 uly considered to contribute to rbide 
which had previously been normalized at 1650° F. This stabilit} 
craphite was extremely fine and could not generally be being completely understood 
res as such, though its presence 1n the heat-affected 
yone and absence elsewhere made it quite probable that End-Quench Sam ple 
it was indeed graphite. In the companion portion of this None of the end-quenched molybdenum = steels, 
weld which had received the 4-hr. treatment at 1300° F whether of fine-grain or coarse-grain deoxidation practice 
ifter welding, no such structure was detected, nor was or whether heat treated after quenching or not, showed 
ny detected in any other of the weld samples whether graphite in any of the structures developed by end 
heat treated after welding or not. quenching even after 3000 hr. exposure Likewise none 
After 2000 hr. at 975° F. the small dots had grown toa _ of the 5Cr-'/.Mo or Bain steel s umples graphitized 
size sufficient to permit them to be clearly resolved as In contrast to this all of the plain-carbon steel speci 
graphite (Fig. 3 (a@)) and again no graphite was detected mens showed graphite. The martensitic zone was quite 
in the sample treated after welding or in any of the other limited in the plain-carbon steels, being only slightly 
samples. more than '/, in. long in the S.A.E. 1080 steel. Charac 
fo accentuate the effect, and because the sample  teristically, there were many small nodules of graphite 
ivailable was nearly gone, the temperature of the last in the martensitic zone of the water-quenched end, 
000-hr. exposure was increased to 1050° F. At the end whereas in the remaining portion of th mple the 
of this period, the graphite in the heat-affected zone of | graphite nodules were much larger but at the re time 
the narrow Springdale 1650° F. sample had grown to much fewer in number The structur f the S.A.E 
uppreciable size, as shown in Fig. 3 (5), and there can be 1080 steel, Fig. 4, illustrate the type of behavior. Figure 
little doubt that, given time, graphitization would pro 1 (a) shows the small nodules of graphite which devélop 
gress to a dangerous degree similar to that in the original in the martensitic region, Fig. 4 (6) shows the larger seer: 
Springdale failure. The companion portion of this weld, gated nodules which develop in the transition martensite 
heated 4 hr. at 1300° F. after welding, had still not de to fine pearlite, and Fig. 4 (c) shows the still larger, iso 
veloped any graphite, as shown in Fig. 3 (c); this photo- lated nodules characteristic of the pearlitic portion. Thi 
micrograph was taken at a position comparable to that amount of graphite 1n the martensitic and “‘transiti 
(a) 2000 Hr. at 975° F. b) 2000 Hr. at 975° F (c) Field and Treatment Similar t b) 
1000 Hr. at 1050° F but With Treatment of 4 Hr. at 1300° F 
to 975-10 F. Treatment 
Fig 3--Region R (Fig. 2) of Heat-Affected Zone of Narrow Weld Bead on Springdale Pipe Normalized at 


1650° F., Showing (a) Graphite Developed During 2000 Hr. at 975° F., (b) Graphite Devel ped D irin 
2000 Hr. at 975° F. Plus 1000 Hr. at 1050° F., and (c) Lack of Graphitization When Exposed as in (b 
Treated 4 Hr. at 1300° F. After Welding. Picral Etch <x 750 
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(a) 


(b) 


(c) 


1000 Hr. at 975° F. 1000 Hr 


at 975° F. 
1 Wk. at 1300° F. 


1000 Hr. at 975° F , 
3 Wk. at 1300° F ” 


Fig. 4-End-Quenched S.A.E. 1080 Steel, Reheated as Noted. The Rows Represent Different Positi 
Along the End-Quenched Bar, Row (a) Being in the Martensitic, Row (b) in the Transition and Row (c) in the 


Pearlitic Zone as Originally Quenched. Picral Etch. x 


zones was very appreciably greater than in the pearlitic 
portion. The remaining photomicrographs of Fig. 4, 
which may be of interest, were taken merely to show that 
graphite in plain-carbon steel is stable at 1400" F. and 
will therefore continue to grow, in contrast to graphite in 
a sample of 0.5 molybdenum steel which was shown to 
revert to carbide when heated at 1500° F.* The three 
photomicrographs in each row of Fig. 4 were taken at 
approximately the same position and clearly illustrate 
that graphite continues to grow at 1300" F. For the 
heating at 1300° F., a small section was cut from the 
end-quenched sample and sealed in vacuo in a silica 
vessel to prevent decarburization and oxidation. 
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On further heating of the end-quenched sampl 
another 1000 hr. at 975° F. and for 1000 hr. at 1050 |! fi 
the graphite grew in each case, but no new observat: } 
interest were made. 

* Why the number of nodules should be so great and | 

rate of growth so small in the martensite region an 

just the opposite should be true in the pearlite 1 

not known. It is also interesting to note that t 
quenched sample of 0.15 carbon steel developed gray 
whereas the weld sample of plain-carbon steel oi 
carbon content did not. Evidently there is yet 
deal that is not understood about the phenom 
graphitization. 
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pot Weld Characteristics of Heavy 
Gages of 24ST Alclad Aluminum Alloy 


By M. L. Ochieano' 


HIS investigation was conducted to determine the 
characteristics of spot welds made on a double- | 
impulse D.-C. welder. rhe double-impulse ar "| 


Introduction 7 240 
| 


rangement for D.-C. welders was developed by George 
Rose, Section Superv isor, Lockheed Fact ry ie Vi 1 f 
Federal D.C. spot welder #17* was reworked to accom- VY 


Tests were conducted to determine shear and tension 
strengths and consistency on 0.091, 0.102 and 0.125 


ST Alclad. Salt spray corrosion specimens were also c greed | 
welded but due to the overloaded conditions of the cor mn | ] | f 
rosion tanks the results of these specimens shall be re- ris 

rted at a later date \ } LA 

The program was expanded to include 0.156 2451 | 
\lelad. Pests were conducted on shear strength speci ' 
mens only 


Procedure Fig. 1—-Shear and Tension Strengths Dispersion Chart 0.091 
ACT 


4ST Alclad D.-( ent 
|. Spot-welding tests were conducted on equal thick 
ne s combinations of 0.091, 0.102, 0.125 and O 
Shear strength consistency test panel Fig, 22 
nd tension specimens (Fig. 24) were welded in the he: SAMA 
llowing gages: 0.091, 0.102 and 0.125 24ST Alclad both hear strengt] tene) ‘ 
4. Single-spot tests specimens were used in the 0.15¢ 


4ST Alclad (Fig. 23). 
t. Standard shop cleaners and etchant were used for aS wel 
preparing all specimens for welding. Detailed Cleaning eae ca 
ind Etching Procedure is given in Appendix 2, Table 5 ; 


Etching times were developed through trial of ull 
rious etch times and observing spot welds for surtace 
} . 4 ivallabDk 
flashes, faying surfaces flashes and tip pickup and other Fed — K 
ederal ( OO-k ‘ j 
flaws that are characteristic of improper pre-spotweld oe 
wo pulses tw eu 
reparation WO rre wel 
. specie 
6. Spot welding was conducted using the following r Aled , 
equipment; ; 
sistet \ Ty T T ~ 
Federal Condenser Discharge spot welder #17 piece of equipment 
Spotwelder equipped with two condenser 
banks, second bank arranged to discharg: 5 
W sn iT str net! ‘ 
electronically This two-impulse arrange 
ral wel in nin tru 
ment was used to weld all specimens 
penetrat tne we 
| Production Design Engineer, Lockheed Aircraft Corp., Burbank alif caused bv the extrusion of the we nucvet Ww 
ee Appendix 3 for deta Will be referred to her text a > 
pot welder 17 1ered in determining machine eti icni ett 
157- 


{ 
! 
e taken at time of weld- ; 
wing specimens: U.OYV1, ihe 
CH 


20% OF AVERAGE 
Table 1—Shear Test Results 
2300] 
Ultimate Strength | pev.| No. of Yo. of Specime Type | 
Material Fron | pecimens Fithin 108 of Machine 
Wax. | Min. | 4 Avr. | Tested Avr 
| 2335] 1690' 1948] 25 | 23 | Federal | | | \ | 
te 5 6 | 2 | Federal } 
156 to .15 | > | |. 1500— a 
| #17 200 — boomy + | 
156 to .156 WL 99 34,26 2 24 derel L A + | Fig 
24ST Ale. | -12.7 | / \ , A INA A 
Alc, 4 “| | -21 | | 
*fiecheck on .125 24ST Alclad sheor strengths, = | } . cill 
is 20 25 his 
ied until desired resul btained, tl 
were varied until desired results were obtained, then speci- \ 
a Fig. 2—-Shear and Tension Strengths Dispersion Chart 0.10: 
mens were joined using developed settings. 24ST Alclad D.-C. Current on t 
8. Shear strength consistency panels were band- lors 
sawed into single-spot specimens after spot welding. bal 
9. Physical Tests: All shear strength specimens Discussion of Results Del 
and ‘‘U"’ tension strength specimens were pulled on the resu 
Baldwin-Southwark testing machine located in the The shear and tension strengths and the strength co1 Ph 
Engineering Laboratory and all results recorded. sistency of the spot welds made in the heavy gages o! out 
a. Rate of loading specimens was 3000 Ib. per minute. 9497 Alclad satisfactorily meet Army, Navv and Loc! mai 
10. Metallurgical Examination: Selected specimens peed “A” specification requirements. Table | shows th: 
were cross sectioned, etched, mounted and examined = ghear strength summarv Table 2 shows the tensior met 
. 5 ‘ . ‘ ~ $10n 
under high magnification by Lockheed A-1 Metallurgical = ctrengeth summary N 
g ary. 
Laboratory. _ | The D.C. welder #17 and A.C. welder 47 both prov 
All photomicrographs by Metallurgical Laboratory. capable of satisfactorily welding 0.156 24ST Alclad alu 
All macrophotographs by Triplett and Barton minum allov €1 
11. Corrosion Tests: Duplicate sets of shear strength The strength dispersion of shear strength and tensi 
consistency panels and “‘I tension strength specimens strengths is shown in Figs. 1 through 6 The 0.125 24S] UY 
in the 0.102 and 0.125 gages ol 24ST Alclad were welded Alc] id strength dispersion (Fig 3) had a broad scatte1 
for corrosion tests. However, due to the overloaded range both in the shear strengths and tension strength " 
condition of the salt spray tester, corrosion testing of his strength dispersion was outside of the specificatior _ 
these specimens shall have to be delayed until such time requirements; only 20 specimens of the 25 were withit t 
as they can be accommodated. 10% of the average. Seven specimens failed to meet th 
rhe results of the corrosion tests will be reported at a specification minimum shear strength of 2100 Ib. per spot 
later date as a supplement to this report. [he cause of this wide dispersion and low sheat 
strengths is immediately apparent upon studying the 
Results 
— cms — 
| A 10% OF AVERAGE 
|. Summary of shear strengths is shown in Table |. 28004 § we 
Note: A variation in strength of + 10°, of the aver | leo} f \ | Hh } 
age values is permitted in 21 of the 25 shear specimens } 
submitted to the inspector. A variation of 20%% is per | Wes 
mitted on the remaining 4 specimens of each group. The | | 
ratio of tension to shear strength based on average val ; | 1 /\y LJ 
ues of single spots shall be at least 25% VIN ahd 
2, Summary of tension results on 0.091, 0.102 and | ' | 
0.125 24ST Alclad are shown in Table 2 pm ! 
A 
Table 2—Tension Test Results | i 
Ultimate Strength | £ Dev. No. of Ratio of Type f / | 
Material From | Specimens Tension to Machine + +—+ \ j 
Max. Min. Avr. Avr. Tested Shear Strength } 
940 1am ] $3.7 Yedera ‘ 
#7 Fig. 3—-Shear and Tension Strengths Dispersion Chart 0.125 
24ST Alclad D.-C. Current—Results Unsatisfactory (See Fig 
3 (A)) 
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A 
ae a a dispersion of plus 21.39%, an increase of only 1.3°% 
above the upper limit. The significance of this weld was 
EE —— disregarded inasmuch as the ultimat: rength was above 
: | the upper limit lhe dispersion chart (Fi +t) shows 40 
3 ‘ | out of 46 welds were within 10° of rage and the bal 
\ hin - ; 
| averace ince within 20" of average Chis 1 1S We within 
: AY Tbs specication requirements Further, study of the chart 
| — will show that the possibility of pot strength falling 
Dok below the 20%, lower limit is rather remote which is 
— ' —$,—______ 2 indicative that the current output the welder is of 
sufficient magnitude to form weld if tisfactor 
= | | | strength in 0.156 24ST Alclad 
Che oscillograms show nin Fi § relate conditions 
Fig. 3(A)—-Shear Strength Dispersion Chart—Recheck on eee nt during formation of the weld the 0.190 2451 
0.125 24ST Alclad D.-C. Current Alclad 
Comparing the forge application time thi cillo 
gram with oscillog1 Figs. 7 and 8, it readil ppar 
cillogram of the 0.125 24ST Alclad setting (Fig. 8 ent that the forge pressure cam late W re 
[he forge pressure was applied ahead of the second im- ideally timed. 
pulse thereby nullifying the benefit to be derived from 
this flow of current. K OF AVERAGE _ 
\ 25-spot shear strength panel was run as a recheck 4 
the 0.125 material to substantiate the findings. The 
rge delay timer was increased 0.02 of a second rhe ‘ ar 
balance of the setup was not changed. The strength dis Por: =a i :; 
persion of this recheck 1s shown in Fig. 3 (A). The recheck 
results show a considerable improvement in consistency , | 
The dispersion range was considerably narrowed; 24 7 
it of the 25 specimens were within 10% Che one re 5M 4 , 
ining specimen was only 0.6%, above 10°, of average. a7 } 
specimens fell below specification minimum require 
ments 
No recheck was run on the tension strengths as it was eet ' +-— + 
umed that factors which corrected the shear disper G 200 
would also correspondingly correct the tension dis- 
persion. 
Che oscillogram shown in Fig. 7 covers setup used for | | 
0.091 to 0.091 24ST Alclad his oscillogram also shows 
the forge pressure was applied early coming in just 
whit the current had reached its peak Some rood was Fig. 5—Shear Strength Dispe rsion ( 6 24ST A 
derived trom the second impulse is the forge came at the A.C. #7 Set-U} N 
time the peak was reached. The weld at this point was 
mpletely rmed Che effect of the balance of the se Metallurgical « 1 ti reve t pi 
impulse was not of sufficient magnitude to cause a crac 1 porosity under thi 
itter in weld strengths. Its action on the weld was particular tu These mi teri 
re or less in the effect of postheat tic ll spot weld é i] 
he dispersion charts on the 0.156 24ST Alclad ri no way reflect the qual tructur 
iled that the a.-c. pulsation welder produced welds oi However, there still li . ¢ ' 
etter consistency, as shown by comparing Fig. 4 D.¢ il reve ti pplicati ve] r ' 
welder #17 with Fig. 5 A.C. welder #7 in , Dt re +] 
However, the welds on the d.-c. welder showed accept ch cteristi Che cillogt t the 
ble consistency. One spot weld out of the 47 tested hae pressure could have been appli ; 
witl letrimental eff é proj 
- ert Chis earlier forg vy the 1: 
| crease pressure to 1 e pl 
= ! erial, the re It ‘ he 
OF AVERAGE _ finer grat tur 
| 
h pr rily to dete the v 
W \ ( this setup w 
+ + — 4 ett er \ 
| | t thi I light 
higher uy the dk 
| 
cillog1 were take t 
| fect rto1 thi 
torv te Che re 1 
Fig. 4—Shear Strength Dispersion Chart 0.156 24ST Alclad ve u Was a i . 
D.-C. Current was deemed advi le t { 
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Table 3—Metallographic Summary 
| Excessive | 
Nugget Weld Central Outer Cracks * Sheet Extrusion or 
Material Dia. Penetra- Cast Cast or Separa- Intrusion of 
Inches tion Zone Zone Porosity tion Eutectic 
Fine Grain Figure Slight Intrusion 
-09) 0.304 86% Co-Axial Dencritic | None A” of Eutectic along 
Structure | None Grain Boundaries 
Fine Grain | Figure Slight Intrusion 
102 0.275 70% Co-Axial Dendritic | None 7B” of Futectic along 
Structure | -001 Grain Bounderies 
Medium 
Coarse Figure 
oi 25 0.300 73% Grain Dendritic None None 
Co-Axial e002 
Structure 
Fine Grain Figure Extrusion and 
156 0.320 70% Co-Axial Dendritic None Intrusion of 
A.C. #1 Structure -002 Eutectic along 
Clad Bounderies 
Coarse Figure 7 Extrusion and 
Grain Intrusion of 
A.C. #2 0.320 60% Co-Axial Dendritic None .001 Eutectic along 
Structure Clad Bounderies. 
Medium Figure Intrusion of 
.156 0.360 80% Coarse Dendritic None “—" Eutectic into 
D.C. Grain Grain Boundaries 
Co-Axial 
Structure 


would be encountered by the operator in obtaining a_ there is a concentration of stresses at the outer edg 
correct setting through just visual observation of the brittle spot when it is tested in tension. The cor 


outer surfaces and inner structure appearance and physi tration of these stresses causes the spot to fail at 
cal testing of sample spot welds. tensile load. In a ductile spot weld deformation redu 
The results obtained were quite evident that the forge concentration of stresses and the resultant total ter 
delay settings should not be left to chance. strength is correspondingly higher. 
The tension strength results as indicated by the ratio Setup No. 2 run on A.C. welder #7 failed to 


of tension to shear strength are indicative of very ductile specification requirements as to consistency (see F: 
welds. Table 2 shows the per cent ratio of tension to although all specimens were above established Lock! 
shear strengths to be above 50% for all the three gages “A” minimum re quirements of 2700 Ib. 


pay per spot 


tested. The LAC “A”’ specification 1421 specifies that 0.156 24ST Alclad. The failure of this setup to 
the tension to shear strength ratio “shall be at least satisfactorily consistency requirements is attribute: 


0.25." insufhcient pressure at the time of the first weld 
The tensile strength of the spot is derived from pulling Comparing setups Nos. 1 and 2, see machine setti 
a single spot using ““U”’ test coupons as shown in Fig. Table 5in Appendix 2. In setup No. 2a 10-in. radiu 


24 in Appendix 2. The direction of the applied load is 


tip was used whereas a 6-in. radius tip was used in setu 
indicated by the arrows. 


No. 1, a current increase of 6 points on the heat dial 
The tension test will give an indication of the ductility a pressure increase of 175 Ib. at the time of the first wel 


of the spot weld. This is based on the assumption that pulse. The only change which could result in thi 


consistency, naturally, was the tip radius. The pressu: 
_20% OF AVERAGE increase of 175 lb. was not sufficient to give an equi\ 
pounds per square inch pressure distribution when u 
aioe a 10 in. radius as compared to the 6 in. radius used % 
son OF AVERA setup No. 1. 
A. / ¥ A 
} } \ | Immersion Time, Min 
} y | Sequence 0.091 102 IO. 125 245 TIO. 
| | / soap cleaner 
26K) Hot waterrinse | 
Hot etch solution ‘ 5 U 
| | 
| Hot waterrinse | l l 
° 20 26 air blast 3 to 5 too o to to 
specimer rere welded thin 6 hr. after etching. 
Fig. 6—Shear Strength Dispersion Chart—Consistency Results were 
Unsatisfactory—0.156 24ST Alclad A.-C. Current—Set-up No. 2 
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Fig. 11 


Fig. 12 (A) 
Alclad Using Double-Impulse A. C. 


Fig. 12 (B) 
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Photomacrographs of Spot Welds in Alclad Made on 4ST Alclad 


D.-C. Equipment. 


Photomacrograph of Spot Weld in 0.156 
6 


x 


ey 


Fig. 13—0.156-In. A. C. Weld—Two-Zone Cast Structure 


50 


Longer etch times are required on the heavier 
loo short an etch time results in fla 
at the faying surfaces, cracks and porosity. SI 
overetched parts( (etchant SJA) can be welde 
factorily whereas specification welds cannot be 
underetched parts. The heavier gagés of aluminu 
loys evidently are capable of supporting he 
minum oxide coatings Flow sequence and 1 
times used on the various gages are shown in Tablk 


Spot welds realized in between tip cleaning oper 


D.C 
0.091 24ST Alclad OHO Ss] 
0.102 24ST Alclad 60 


fers 


to 


a 


xt} 


Photomacrographs of Spot Welds in 0.156 24ST Fig. 14—0.156-In. A.-C. Weld—-Two Zone Cast Struct 
Alclad Using Pulsating D. C 7 


6 > 200 
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A—0.091 24ST Alclad—-Double-Impul 
§—0.125 24ST Alclad—Double Impulse D. C. Current 0.15 
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Fig. 15—-0.156-In. A.-C. Weld—-Corona Area. 50 


5 24ST Alclad 10 spots 
0.156 24ST Alclad 20 spots 


A.C, #7 
0.156 24ST Alclad 
The number of welds obtained on the double-impulse 
D. C. is quite high considering the heavy gages being 
velded. It should be noted that a greater number of 
ts obtained on the D.-C. welder when compared to the 
C. welder on the 0.156 24ST Alclad material 
The adoption of the D.-C. double-impulse method on 
lighter gages should result in a greater number of 
velds between cleaning than is now being realized. The 
two low-current peaks in lieu of one high-current peak 
uld give cooler electrode tip operation. 


SOA 


A 


= 

>y 
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Fig. 16—0.156-In. A.-C. Weld—Two-Zone Cast Structure 
200 » 


Fig. 17—0.156-In. D.-C. Weld 


Metallographic Examination 


Spot welds were cros sectiol 


ind etched The welds we 


ré 


penetration, structure and sheet 


Photomicrographs (Figs 


allurgical Laboratory hese 


Corona Area 


results 


tions through 0.156 A.-C. weld u 


setup tailed to meet cons 


decrease in pounds per square 


immediately apparent upon 
setup No. Considerabl 
in Fig 

*hotomicrographs (Figs 
through 0.156 A.-C. weld u 


coal 


50 
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Al 
for size, nugget 
paration by the Met 
are listed in Table 
3 
sine setup No. 2. This 
inch in weld pressure 1s \; 
mparing Fig. 14 to Fig. 16 
| 
grain size 1s evident a 
and 16) represents sections 
sing setup N Figure 15 i 
WS > 
Fig. 18—0.156-In. D.-C. Weld--Cast Structure. 200 
163-s 


GOROWA DIA» 
? 
To UNIF OR 
Not Considered as Sheet Separation TAPERED Pas “= 
SPT ING 
FIGURE 
Considered as Sheet Separation a __ABRVPT PARTING 
FIGURE "B” 
CORQNA DIA. 
| 
— | 
i 


Considered as Sheet Separation PARTING AT NUGGET 


FIGURE 


Fig. 19--0.102-In. D.-C. Weld—-Corona Area. 50 


Fig. 21 
shows zone through corcna area and extrusion of eutecti 
into and along clad boundaries 

[he spot welds on the A.-C. pulsation welder clearly 
showed two distinct weld nuggets 


pears to be a combination of coaxial and dendriti 
ture. 

giving the appearance Figures 19 and 20 represent sections throug] 
of one small weld within a large weld. Close study of [.-C. weld. Corona area shows slight intrusiot 
Fig. 16 will show a central cast zone coaxial in structure, grain boundaries. The cast structure portr 
a dendritic or columnar structure representing the inner fine-grain structure coaxial in natur 
weld. The next zone outward again returns to the co 
axial structure which represents the central zone of the . 


outer weld. The next outward not shown in photo 
micrograph was dendritic in structure. This unusual re jp} o-f | | \ 
petitive formation of normal zones is due to the six-cycl: Pigs agiy a \ 
cooling period between current pulses. | 
Figures 17 and 18 represent sections through 0.156 olor \ ( 
D.-C. weld. Zone through ‘Corona Area’ shows intru | 
sion and extrusion of the eutectic into and along the = i+ 
| 
grain and clad boundaries. The central cast zone ap Ei att 
Thicknesses: 0.091, 0.102 and 0.125 24ST Alclad - 
Fig. 22—-Shear Strength Consistency Panels 
3 were j-sawed int jle-st e 
é j and ion te er mpleted 
. to right in one ntir I 


Extrusion or intrusion to some degree was prt 
most of the welds. The 0.125 gage was the only stru 
that was entirely free of extrusions or intrusions. 

This condition is generally indicative of too much !i 
or too sharp a tip radius. Correction can bi 


through increasing the weld pressure and/or chang 
og greater tip radius. 


Fig. 20—0.102-In. D.-C. Weld—-Cast Structure. 200 Fig. 23—-Single-Spot Shear Specimen 
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Conclusions 3. Further test be conducted on lighter gages of 24ST 
Alclad using the double-impulse D.-C. method to deter 
Spot welds of acceptable consistency and strength, mine: 


structure, good penetration and minimum sheet 
ration can be made on material thickn sses up to ratic th 
_= Alclad using the double-impulse D.-C. method or 
Longer etch times are required on the heavier 
of 2481 Alclad. 1 ible hetweet tip cl 
Double-impulse method on D. C. produces welds fin lee 
h ductility as indicated by the high ratio of tension +. Immersion times for the gages tested shoul 
strength. The Lockheed ‘ specifi Spt =] mi of the immersion time listed under Materi 
1 minimum equal to 25% of the average shear Preparation (Tabl 
ngth. Results obtained were above 50% of the 0 Process Specificats Ni , to 1 
ie shear strength. clude minimum shear strength requir ts tor 0.15¢ 
Phe A.-C. pulsation welder produced welds with a 245T Alclad aluminum alloy 
rower scatter range than those welded on the D.-C 
ible impulse. However, both methods produced , 
ls of acceptable strength, consistency and structure. Relerences 
It is possible to make more wel ls in between tip he 
cleaning on the condenser discharge than on the A.-C. Renort 
ipment, 4 
. Lockheed “A” minimum shear strength require- 
2ET ents for 0.156 24ST Alclad aluminum alloy shall be notwelde” Tam Wane > 


1) Ib. per spot and the shop minimum set-up value 
| be 6240 pounds 
i. Forge delay timers cannot be satisfactorily set by 
ual observance or physical testing of the weld. Al Appendix | 
ttings must be verified by oscillograms. 


Definition of Sheet Separation 


Recommendations 
Sheet separation, as retert 
[he maximum single-sheet thickness permissibl idered to be an abrupt and distinct parti the 
spot weld be increased from 0.125 24ST alclad to urfaces of the joined sheets 11 ediate!] ent to the 
1.156 24ST Alclad Total joint thickness not to exceed corona art Fig. 2 5 
Oscillogram should be taken at each tiirns ratio considered as sheet separation regardlk v t ton 
etting starting at the minimum capacitance setting to the parting Luin big 
iximum setting; repeating this sequence oO! oO presented by Fig nol re 
grams at each turns ratio setting eparatiot 
Table 5—Machine Settings 
Machine 
Type Federal D.C. #17 Federal A. C. #7 
Material O91 2102 2125 0125 2156 
24ST Alcled _ | Recheck | 
Spec, Miniaum 1600 2200 2100 =| 2700 2700 2700 
Weld Button Dia. | 0.304 | 0.275 | .300 .300 |  .360 | 0,320 | 0,320. 
Diemeter & |Contact | af ‘Ge 
Radius 5/8" __ 7/8" R 7/8". -4" RI Ri 3/4°=6" Ril" R 
Bottom 1/4°=-M #3 1 ii 4"=M x L"=M #3 1/4"- M #3) #3) 1 1/4" 83 
|Contact 
[Face 3/4"-10"R 7 8"~10"R spill 7/8" -10"R| 7/8" 
“icrofarad |lst Pulse | 2409 2400 24,00 T 2400 24,00 | 
Settings Pulse | 1400 1400 2400 
ycles ofr | € 6 
e | 8 
Rubber |Weld 24,00* -2500* p1-2700* 31-27700# | 31-2700# ] 14-1350* | 6-15258 
Deflection \Forge | 45-3860" 51-4 300* 58-4800* 1 * 5% 
Trans. Tap Settings | C-2 | C-2 | [ Be} Ce2 
Turns Ratio 456:1 (48621 | 486:1 | 456:1 
Forge Delay 206 | | | 205 Sec. | 
Forge Valve | 220 220 | .20 Sec. | 
Hold Time 10 [10 [10 | 26 [10 
Squeeze Time | None None | None | None 1 
* Electrode Pressure in Pounds 
1945 SPOT WELDING HEAVY ALUMINUM ALLOYS 165- 


i 
{ 
f 
et 


| 

1] 

LOAD 

| 

ER 

SPot 


| 

] 
_ Dia Hors 
CY 4HOLPS 


| 
Fig. 24 


“U" Tension Specimens 


Appendix 2 
Material Preparation 


Type cleaner Nobs No. 744 
Concentration 6 oz. per gallon 
Temperature 180° F. 
Type of etch Oakite S4A 
Concentration 6 oz. per gallon 


Temperature 180° F. 
Type of rinse .Hot water* 
Temperature.... 150° F 
* Rinse tanks are provided with a continuous flow of fresh water and are 


air agitated 


Appendix 3 


Principle of Double-Impulse Condenser-Discharge 


Federal Machine #17 


#17 has been 
worked to incorporate a double impulse of current fl 
the second impulse of current being electronically co; 
trolled 

The utilization of such a circuit arrangement w 
brought about due to the desire to weld gages of 24S] 
\lclad aluminum alloy up to and including 0.156 usi 
available D.-C. equipment. 

The double-impulse arrangement 1s accomplish 
through the use of two separate banks of condensers « 
able of being fired singly. The charging of the two ban! 
however, 1s still controlled from one voltage control 
one rectifier transformer. 

Through this circuit arrangement a continuous fl 
of current can be maintained in the welding transformer 
without reaching a point of saturation although the cur 
rent is traveling in one direction. This is made possibl 
through the design of the electronic firing circuit whi 
allows the first impulse of current to reach its peak 
decay to a determined lower level before firing of the 
second bank. This circuit can be arranged to incorpora 
three or more impulses of current fired in the sam 
quence. The circuit may be further modified to incor 
porate a controlled time delay in between pulses thereby 
making possible a controlled cooling period in betwee: 
each flow of current. The amplitude of each current 
peak can be varied to give quantities of heat as desired in ra 
each individual current impulse. An arrangement 
this nature can be advantageously used in welding armor Feld 
plate and low-alloy steels such as 4130 chrome-mol 
denum steel. The separate condenser banks may be set 
for different values so as to produce a desirable preh 
weld heat and postheat flow through the weld. 

The circuit arrangement is such that it may be easil 
changed from normal operation (single impulss 
double impulse through the manipulation of one switch 
located on the welder control panel. This change in set 
ting can be easily carried out by the machine operator. 

Considering the inherent advantages of welding equip 
current over that si 


The welding circuit on spot welder 


ment which utilizes a three-phase 
equipment which utilizes single-phase current, this par 
ticular type of pulsating D.-C. current should be high! 


desirable when high-current demands are required. 


CORRECTION 


f In the August 1944 issue of the Supplement there is 
published an article on ‘Value of Preheating in 
Welded Ship Construction”’ by J. H. Wilson of the 
U. S. Maritime Commission. Several typographical 


errors appeared in the Laboratory Report of the last 
table reproduced on page 416. The corrected tabl 
is reproduced herewith. 


Free Bend Test of Welded Specimens 


Gage Length 


sefore After 
Specimen No Jending Bending 
old 168 0.9% 
cold OS Uo 
s preheat 0.74 (1). 
1, preheat 1.18 
5, room temp 0). 76 1 04 
11 cold 1.04 i 30 
2, 1'/,4 cold 0.96 1.40 
}, 1'/, preheat 0.74 1.48 
1, 1'/, preheat 0). 82 1.38 
y, 1 , room temp 1.0 1.18 
6, 1'/, room temp 0.838 1.30 
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Difference Difference Remark 
) 11.2 Defect lu 
0.37 4.4 Def 
).24 Defect 
0.40 ] Defect 
() YR 368 No defect 
0.34 17.2 Defec 1 
0.26 Fractu 4 
0.44 100.0 Fracture 1 
ot Os Fracture i 

12.4 Fractur 
17.7 Fracture in 
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The Biaxial Fatigue Strength of Low-Carbon 
Steels: 


By George K. Morikawa and LeVan Griffis’ 


Abstract with different lues of the principal 


ratio ? \ 
walled cylindrical specime: of 
1] tial str and ixial i itis { 
ral steel have been inv tigated 
1 and unwelded forms, and in ar range from 0 to 2, t e in\ f dea vith t 
1 and normalized states, under cycli | Is the endurance limit affected by — = -_ 2 
ined tensile stress ind with vari 
the principal stre ratio 
onstant principal stre ratios of ci pa I 
t possible t rify or establish 
ntial stre to axial stre fron sactie 
Fatigue data ar presente 1 which theory for ri | 
that there is only slight effect of » 4S the ¢ HY 1 
al str ratio upon the endurance the ratio of a, , «ty 
1 < i 1 Tr 1 gT 
this S.A.E. 10 teel. In general, 1. What is the r m of the endut ' 
iximum str theory 1 hown to ance limit to the vield point of ductile velo} | ing 
ly for this material, modified by the 
teel for certa ratio 
tropy of the bar stock his aniso ractica 
Val vedas I ital if ent 
y remains a major tactor even alter . I i 
| 1 tri re 1 
aling, and the endurance limit 1 : G 
t 15°), lower when stresses in the investigation ‘ 
verse direction are predominant 6. What fatigue data ca , ; 
fatigue strength of the welded mate for a specific material such as $.A.] 
about 15° le than for unwelded tructural steel, fullv kil , in vari . 
terial for the principal stre ratio used annealed ne under 
iin data are presented for tubes tested ape eT tormat 
hii i 
irious principal stress ratios for com ea 
\\ i the tral relati i 
m with other igatio 1 I it tin 
ompany! failure 
I pla ruptt I 
t t equipment Althoug! ome of the al 
ro ul ire nad vet vere if t it 
i ) i ma rial 
gi ita have he ontarmmes tiiv 
er ra to obtain more di 
tly useful data o velded structural 
ment ga i I lea co I 
. purpo progra it 
r ) rab amount theoretical a vddit i ( 
experi il work evoter 
tion has been to obtain basic informa 
on the fatigue trength of metal , un 
a tnd ad, ecled cycn 
ed sti During the perio 
stress,d 
Tk icl is I 1 sponsor DY 
Wel Committee of the 
T 
CAN W ING Soci inter i / 
Wi est / \ / \ 
ed-stre fatigue investigati ha / 
vice conditions of lars welded struc E z \ J . j 
< \ \ 
25 
mv ti t » lar, ha been \ 4 
ed to biaxial or two-dimensional ! 
PER ) — time. 
es, Synchronized in phase, with bot ape 
tt This 3 to the nature 
of ned internal pre 
e-axial ten type of fatigue 1 chine 
laterial investigated has been limited to stress,o 
on ductil tural teel \ OC; 
fully silicon kill ~ 
ecl illy, certa qi tions were pro \ ‘ 
it the i this investigation i \ 
\ 
h are the follo J \ 
ler ombi ad tre condition \ 
Pre nte ityv-1 
etit eland, Ohio. Oct t PHASE ~ hag PER ( 
DIFFERENCE 
at Protess« rf anu res} tive at 
nois Institute of Technolo Chicago 16, I Fig. 1—Biaxial Fatigue Stress Variabl 
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possible stress condition For example 


he stre may be completely reversed 
during each cycle from a given tensile 
stress to an equal compressiv tres or 
the stress may be fluctuatin 
zero to a given tensile stre The variou 


possible cases are shown schematically 


Fig l The pr ent investigation has 
been confined to case (2) with both prin 
cipal stresses in the tensile rang 

As yet, th cact nature of fatigue fail 
ur has eluded investigator It 1 1 reé 


fore, natural to compare experimental re 
ults obtained under cyclic condi 
tions to theories advanced for the condi 
10n of yielding in a static stre 


an attempt to obtain a relationship or law 


governing failure for different stress ratio 

providing that the fatigue strength is be 

low the 

rial. It appears quite feasible to consider 
the fatigue limit as the primary elastic 
limit or state of initial plastic yielding of 
a given metal. The various theories of 


o-called yield point of the mate 


strength proposed since Rankin maxi- 


mum stress theory’’ are very well known 
and have been discussed in many publica 
tions 


theories are shown dia 


grammatically for biaxial stre condi 
tions, in Fig. 2 
With regard to the experimental in 
vestigations on combined fatigue stresses, 

two references are noted her 
A. F. Maier 


1 has published results 
of a few tests performed on tu 


mild steel and cast iron. However, only 
two stress ratios, ? 2 (internal pressure 
only) and 7 ! fet il t ion 
tress only), were t ( Che conclusi 
reache m ti fe ts were that the 
inter late p1 pa had no effect 
upon the fatigue strength of either ductil 
or brittle materials, or in other words, the 
maximum principal stress determi the 
fatigue strength However, it must be 
pointed out that due to the meager amount 
f data obtai: these ul ight be 
deet ed in ymiclu Ve 

2. The second investigation to which 


reference is made was performed by H. J 


Gough and H. V. Pollard A very com 
prehensive series of tests was made using 
ombination obtained by com- 

pletely reversed combined bending and 
torsi t , lid ecimens tested 
i specially designed, high-speed (200( 


Oz= AXIAL STRESS AT ENDURANCE LIMIT FOR VARIOUS RATIOS net 
z 
= TANGENTIAL STRESS AT ENDURANCE LIMIT 


J,= AXIAL STRESS ONLY, ENDUR 


ANCE LIMIT FOR n=O 
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rpm.) fatigue machine Results a 
for thr different metals: (1) nor 
0.1° carbon steel 2)h at 
nickel-chromium steel 
cast iron. Comparison with the 
theories indicates the following 
mild steel apparently follows the 
mum distortion energy theory, 
nickel-chromiun teel fails accor: 
the maxi! total strai rgy 
ind (3) cast iron corresponds to t 
mum principal theory 
itely 10 co roi test were mace 
ite the eff t of possible il ot 
the ductile metals due to the 1 
é 
With regard to the theoretical 
gatio ) ) ed fati I 
eferenct ted here J]. Ma 
val a theory for comb 1 str 
the elastic range only) i il t 
of the mean str« is taken into co 
tion Fror xperimental result 
viously obtained for cycli 
, he i ume i iT { li 
tion of fatigi trengt! idur 
with the mean fati re Ch 
condition for failure is a é t 
the iX1 distortion ¢ rev tl 
iny giv 1 Value Of mean 
the theory holds, the st conditi 
failure for any { 
value of mea tre may pr 
I ing a single 
H 
results ha ) btainer 
thi th Ty 
Experimental Work 
ner pe of i 
n ol ixial fatig 
by bj ing 
cylindrical specimen to fluctuat 
flal pressur yuchro iin pha 
fluctuat g axial 1 loa 
Li } il tre 
hele ) int uring any one test 
ugh a triaxial st ondit 
ill thi vork th rat ial ct pre 
ha een di irded be f 
relatively ill The I 
chine operat it 300 cycl I 
and ail tests to date ive been a 
erature 
Tl Va al le investigated are 
Ratios of principal stress¢ 
Cz; fron 
Welded vs. unwelded material 
Normalized innealed 
material. 
rhe following fatigue testing prog: 
was origm uly planned in three pha 
determining the endurance limit 
(a) Stresses o, and o; varying from 7 
to maximum 
1) o,/o, = 0 (axial tension only 
2) a 
3) o,/o, =! 
4) ] 
4 
6) o,/o, = 2 (internal pressur¢ 
bh) Stresses o, and o; varying fror ‘ 
to maximum (same stress rat 
Stresse and varying fron 


oO maximum (same stress rat 


In these tests, the endurance limit has |! 
defined as the stress producing failur 
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POSITION OF SPECIMEN WALL 


|. ROUGH MACHINE 
2. ANNEAL 


3.SLOT & WELO 
4. FINISH MAGHINE & GRIND 
Fig. 4— Welded Specimen Rough Machined 
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Fig. 5—-Biaxial Fatigue Testing Machine—-Specimen at the Left 


weld metal prior to boring and finish 


machining of the specimen (see Fig. 4 
The slot depth is such that the final 0.050 
in. wall thickness of the specimen is lo- 


cated at the approximate center of the 
weld which is probably the soundest part 


of the weld. The specimens are X-rayed 


after final machining and polishing to study 


the soundness 


of the weld 
Three groups of specimens have been 


tested 


] Annealed; for which the specimens 
were heated to 1650-1700° F. for 
|! hr. and cooled in still air, 
followed by heating to 1250 
1300° F. for 1'/. hr. and cooled 
in still air 

2. Normalized; for which the speci 
mens were heated to 1650-1700 
F. for 1'/, hr. and cooled in still 
air 

3. Annealed as in (1) and subsequently 
welded, using A.W.S. Spec. No. 
E 6010 weldrod. Fivespecimens 
only have been tested, for pre- 
liminary comparison 


The Testing Machine 


Design of the testing machine in it 
early form is described in detail in a paper 
by Dr. Joseph Marin entitled “Strength of 
Steel Subjected to Biaxial Fatigue 
Stresses,’’ presented at the Annual Meet 
ing, AMERICAN WELDING Society, Cleve 
land, Ohio, October 12, 1942 A photo- 
graph of this machine is 


hown in Fig. 5 


and a schematic drawing of the mecha 
nism is shown in Fig. 6 

[The machine applies essentially a con 
stant tensile deformation to the specimen 
during each cycle, rather than a constant 
tensile load Che tensile load is measured 


by a tension dynamometer in the lever sys 


tem, which is replaced by a solid bar after 


establishing the load for a given cam 


etting The load can be adjusted by 


170- 


ay : 


equal biaxial tension and 


sion with stresses ranging 


maximum. These data have not be 


‘cluded here because of difficulti 
rienced in correlating early calibr LA 
curves for the machine. wed - 
Control 7 Phi material A 
nealed condition shows by standar SA 
ile test about 40°, elongation at { 
Ss A 
average yield stre of about 35,0 6 A 
and ultimate tre of about 55.0 SLA 
60,000 psi. Figure 7 shows the init A 
$2 A 
tion of the engineering stré tral 4a 
obtained from an axial specimen 
in. gage length and 0.505 in. diameter 444 
4p A 
For comparison, similar small 
42 A 
specimens were cut from the dian 41a 
the bar stock (see Fig. & Iz 
pecimen were curt lor gitudinal “4a 
1S A 
transversely from the bar and teste 1s A 
120 ft.-Ib. pendulum Izod machine | 16 A 
Izod pecimen were ibout I ilf 
of standard A.S.T.M. Izod speci 9% 
Wel machined with standard 110 & 
notches. 
The transverse te ile prope 
rather inconclusive, but s¢ lf 
cate higher vield tre 
psi ind lower ultimate stress¢ ols 
psi The gag length were 2 i 
betwee hould at «the f 25 
id 
threa 24 J 
Izod values were obtained of 9.6 f 21 J 
etting the eccentricity of the axial loading for the axial specimen with tra ie 
5 
cam to give any desired range on notche and ft.-lb. for 
the specimen from 0 to 100,000 psi As pecime! hese impact spe 
the specimen elongates during a test, thi identical geometry, but the magnit 21) 
i221 
elongation is compensated for by manual the test results has little significance 28 | 
readjustment of the link connecting the to the small size of the specime R 241 
cam to the axial loading lever. The pres indicate that anistropy of the mat 25 | 
sure is adjusted by the motion of the pres exists in the fully annealed state hewn 
sure loading cam, and the pressure range is In the normalized condition, the . 
measured by the two gages. strength and ultimate strength for a g 
specimens of this steel were of the a 
lest as corresponding values f 
nT) 
Preliminary Test These were con- annealed stock 
; ; 4 la 1 
ducted prior to May 1942 on fully an Fatigue Test fable 1 record 
nealed S.A.E. 1020 silicon-killed steel, durance test data and strains at fail 
using specimens of nonuniform wall thick- for various ratios of principal str 
me tapering gradually to minimum wall tested These endurance resul 
thickness of 0.050 in. at the center of the plotted in Figs. 9 and 10 ; 
gage length > 
Discussion Result 
Endurance limit curves for these non 
uniform specimens were obtained for Endura? Limit Test In Fig. 9 
GEARS 
FULGRUM AY 
\ = 
INTERNAL PRESSURE——~ pinion 
ECCENTRIC z 
g 
PISTON 
| u 
| 
ih 
f 
ADR 
| SPECIMEN AXIAL LOAT 
DYNAMOMET 
| | roy 
1 
FULCRUM 4 
Fig. 6—Schematic Layout of Testing Machine 
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4 
; 
¢ 
4X 
; if 


the occurrence of fal Phe 
Table | | 
endura out O 
[Specimen] Description Principal Stresses Cycles at ei at Failure | Direction of greater tha for the 
No. pei*in Failure in/in/€, in/ir Failure cases energy 
A Annealed { 0 50,000 142,100 |-.065 TTS CTrcumferent ie’ riteri ibo 
A 47,000 245,600 -.082 2056 for it 
A 42,500 1,508,100 |-.026 .048 rg at 
| e 40,000 4,276,400 }=-.0] 20 | Unbroken failure cy 
i 
}11,¢ | 55,000 1/5 70,000 | ~.068 | Circumferential 
A }11,000 | 55,000 102,700 |-.010 | | 
LA |10,000 50,000 106,500 |~.008 certain a 
9,600 | 48,000 155,800 |-.00 045 | | 
$2 A e 9,000 | 45,000 | 624,400 |-.00 
4A 8,500 | 42,000 737,000 |+.013 028 | 
| | 
44 A ° | 27,500 | 55,000 | 148,200 ist 
45 A 124,000 |48,000 | 1,058,900 fle f 
42a | 2,500 | 45,000 ° 1,646,800 ) 324 : 
41 A },000 | 40,000 2,681,000 23 Unbroken 
| 
l4 A e 50,000 | 50,000 1 1,300 S15 | .070 Longitudinal ra 
SA 48,000 | 48,000 7,400 | .291 
SA 145,000 | 45,000 39, 10 14: | “040 
16 A 45,000 | 45,000 76,800 27 .047 
18 A 42,000 | 42,000 139 4 
2A 40,000 | 40,000 | | 486,50 41 
IA 39,000 59,000 266, 500 l e 
110 . 59,000 | $9,000 ° 327,300 31 10 
lll A 38,000 | $8,000 65,200 
l2 A $9,000 39,000 | 1,£35,0 
1s A | 56,000 | 1,01 » 2X 
A 45,000 2 90, ) sngitudine] 
40,000 | $85,500 ) 
23 A 55,000 | 2.858. 70 
| 
24 AW | ",Welded | 42,000 15,400 ) 
5 AW 35,000 | 16,500 | 150,400 ) I i 
A 129,500 | 14,750 1,188,600 | Unbroken 
| | 
216 |Wormalized | 51,400 ) ‘tinal 
25 ad | 44,700 
an} | 41,500 
25 | 39,000 | 
26 | 39,000 | | 
circuaferential stres 
Ts axial a ) 
= circumferential strain based or riginal dimena! 
inwelded S.A.E. 1020 steel, the endura limit for ey 
pr ul sts it failure art may | btained. The endura it 
for various principal stre ratio thu ef ire shown for vario tr 
r,asaf t of the number of rati n Fig et It icate rt x 
it fail Krom these curves the yme effect ! principal str ratio upo! tur re t \W a 
50,000 
SPECIMEN 
40,000 
45° 
7 
2 30,000 LJ 
/ a= < | 
z 
r| 
” 4 
2° GAGE LENGTH Lp 
20,000 ; + 
YIELD POINT= 37,500 Ps: 
,ULTIMATE=55,000Ps) 
4 Th 
\ 
til 5 
ot 
° 10 20 30 4 40 50 
STRAIN, ny x 10 TENSION SPECIMEN 
~ 
tig. 7—Engineering Stress-Strain Curve—S.A.E. 1020 Hot- 0.4 GAGE LENGTH 
J J 
Rolled Annealed Fig. 8 
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interpretation of these results on welded Description of Failures 
specimens, failures in the weld must be 
distinguished from failures in the parent 
metal. After testing of all five welded 
pecimens, subsequent X-ray pictures 
disclosed little noticeable effect of re- 
peated loading. The X-ray picture of the 


likewise be due to the fact that the 
are in the plastic range and it is m 


Compared to fractures under static 
loading, regions of fatigue failure which 
are apparent are very small and become 
less noticeable with increasing numbers 


on the inner surface. 
A circumferential fracture near 
durance limit usually appears on t!] 


of stress cycles preceding failure 


Longitudinal or circumferential failures 
i fault in 25AW was entirely unchanged x . : ir up to !/, in. long with local plasti 
at low cycles to failure are preceded by 
However, macroscopic examination of the . . , , evident only on the inner surfac« 
extensive bulging followed by a wide rup- 
failure in 22AW discloses pronounced .¥ , am to the crack. Occasionally th 
ture which may beuptoaninch long. The : 
Luders’ lines at the extremities of the a . . is evident on the outer surface 
failure is of a ductile shear type, on a sur 
short crack which produced fracture of ‘ , on the inner surface, and occa 
tH : face at 45° to the outer surface of the tube. “eer fa 
1¢ specimen . appears at both surtac 
No brittleness is evident. In general, the pp pie ; 
4 For large numbers of cycles bef 


Anisotropy failures seem to start at the inner surface, 


. , ure, the cracks appear brittle ; 
with other tiny incipient cracks occa ppes 


Both the fatigue tests and control tests in fatigue, extending almost per} 


sionally evident on the inner surfact 


indicate inherent weakness in circumfer- to the surface of the tubs 


Longitudinal fractures near the endur 
ance limit seem to be of two kinds: those 


ential or transverse direction compared 
to the axial direction. It will be noted 


beginning at the outer surface and those 


Conclusions and Remark: 


+-60,000 


always true that the highest stress 


surface as a small, slightly irregula 


= : uly that stress ratios whi h pro- beginning at the inner surface. For those 
Gucee longitudinal seams or failures, i.e., which seemed to fail at the outside first, a A particular technique of t 
ratios OF U, '/s, °/% show about 20% lower fairly smooth line, perhaps !/, in. long, is been described for investigating 
strength in fatigue than ratios producing evident in the outer layer of metal, as if tigue properties of low-carbon st 
circumferential failure S Under _ eq ial cut with. rasor blade and then allowed cyclic combined stresses. with 
principal stress, i.e., form = 1, failures to spread slightly. Local plastic flow is cipal stresses in tension at a co 
were, without exception, longitudinal not evident on the outer surface but ap- for any one specimen, and with 1 
fractures, pears on the inner surface in the shape of tress of a low compressive may 
Strain Relationships local necking with an ‘hour gla profile, The experimental data obtained 
with an irregular crack along the center of the following conclusion 
Measurements of plastic deformation the axis of the “‘hour glass.’’ This plas- ] For cyclic stresses ranging fr 
were recorded; and it is observed that the tic flow produces dimming and wrinkling to maximum (¢mi, /Omax. = 0) tl 
plastic strain at failure, for any number of of the polished surface over the area near ance limit from practical con 
cycles, is zero in the direction of the inter the section of failure. For those speci is not appreciably affected by th 
mediate principal stress, for stress ratios mens which start to fail on the inside, pal stress ratio. The endurance 
n = '/, and 2. The data are presented the picture is just reversed with the smooth apparently of the same magnitud 
in Table 1. This result verifies, for fatigus “cut’’ on the inside and plastic flow at the yield stress for these test conditi 
conditions, similar results obtained in outside 2. The results do not seem to 
other investigations for static and creep These two kinds of fracture were ob- verifying or establishing a theory 
tests on tubular specimens of ductile met served for all stress ratios in which longi tigue failure under combined str 
als This situation is apparently un- tudinal cracks occur. Possibly the effect is appreciably different from th 
affected by the anisotropy in strength is due to surface cracks or irregularities mum stress theory for this ductil 
noted above in machining of the pecimen It may rial The effect of plastic defor: 
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circumferential failure occurs, a devote some effort 
atn of a faster machine 
Welded by a thin metal technique thicker material I 
o that the finished complet: to investigate some 
weld is incorporated into the mie which would | 
pecimen is well as triaxial 
Welded by a thin metal techniqu the tension range 
with excess weld metal ground machine can be ke 
off low cost, but its 


} 


in the tablisht nie Re 
It is beleved that circumferential a tr 
of conch tl dat nd dictating inde ntert I 
well as longitudinal welds should perhay © Gate and De 
lent cit core Wa 

be investigated. Other materials likewi what direction future test hould tak 1, H. J., and Pollard, H 

might be investigated with this machine ul } 
il ses of orrelat 1 properts pede) 
for purpe f correlation of Acknowledgment Marin, J., ‘Interpretation of | 

However, there are two inherent dis t trength of Meta t 
advantages of the present testing machine It is desirable to point out the sponsor bined »otresse fue WELDING Jo 

4 

namely, the extremely low speed of opera hip of this work by the Weld Stre Con B has | treneth of Six 
tion, and the necessity for thin-walled mittee of the AMERICAN WELDING 5S Ane we a G 
specimen It seems highly essential to 1eETY and the close interest therein of t! le Oct. 


Introduction 


HE object of this investigation was to determin 
the extent to which spot welds in certain high 
tensile steels can be made sufficiently free from 
brittleness for structural purposes by means of the pas 
sage of a post-heat treatment current of short duration in 
the spot-welding machine, following the actual welding 


It had been shown previously by Hess and Herrschaft 
that the shear strength and, more particularly, the 
tensile strength of spot welds in low-alloy and medium 
carbon steels could be substantially improved by passing 
a current of reduced magnitude through the weld, while 
still subject to the welding pressure, at a definite time 
interval after the weld had been made; that the ‘time 
off’ between welding and heat treatment was the most 
critical variable; and that an effective temper could be 
imparted to the spot weld, which would otherwise be too 
brittle for structural purposes, in a matter of a few cycles. 
The average time required for the whole cycle, viz., 
welding, cooling or time off, and post-heating, would be 
still sufficiently short to render the process of spot welding 
high tensile steels an economic and speedy process ad ipt 
able to large production purposes. 

rhe data given in this article are taken from detailed 
results, the program for which was originally instigated 
by the Advisory Service on Welding, Ministry of Supply, 
as an attempt to overcome production difficulties which 
were arising at the time. The investigational work was 
undertaken by the laboratories of the Pressed Steel Co., 
Ltd. 

The theory underlying the process is a simple one, and a 
brief analysis of the various steps involved may be of 
value in interpreting the results given later 

|. Immediately after the weld has been formed, a 
very rapid cooling takes place, due to heat extraction by 
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probably been erved 


Spot Welding High-Tensile Steels with 
Automatic Post-Heat Treatment 


By W. S. Simmie and A. J. Hipperson 


now to development Chairman, Everett Chapman, a 


capable of handling Spraragen and H. Boardman and 
t 1s likewise proposed this committee. Particular ack 
other types of spect ment is due Carnegie-Illinois St 
suitable for biaxial for furnishing a large supply of 
control of stresses in the investigation 


The present test 


pt operating at very 
bli 
chief usefulness ha Bibliography 


the surrounding cold plate and the water-cook 
trodes: 


this rate of cooling ts of a similar order ot 
nitude as a water quench. The formation of mart 


is invariably unavoidable in spot welding high 


steel, and indeed may often occur in spot welds u 


carbon steels containing as little as 0.20%, ( 
2. Atter the post-weld cooling and martensite | 
tion, reheating the weld to a temperature below tl 


by means of another shot of current of reduced 


nitude results in a tempering of the hard mart 
Structure, and, after cooling, a tougher and more du 
weld is produced. 


ical 


Chis tempering treatment shoul 


commence before quene hing to martensite 1s con 


but for economic reasons, it should commences 
thereafter as po sible. 


The above considerations make it evident that a 


mental approach to the question of spot welding a 
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— This analysis was well within the specified limits, with 
rn the exception of C, which was rather lower than expected 
| | 0.25%, instead of 0.30% 
The range of properties of this steel en by the 
of | manufacturers is 
Harden 
— . eT to 650° 
Fig. 2 (a)— Tensile Test Specimen Red. of area : 
Izod ) 
tensile steels of different thicknesses involving Hardne , ” a 
iture measurements of the weld during the post 
ge would necessitate an enormous amount of 4] 
For this reason, it was decided to make a mor Hy m——~ | ‘ 
il approach to the problem, 1.e., to investigate the | ( | = } 
each main variable time off’ and tempering ; 
n the properties of the tempered weld It was — | | = 
her decided experimentally to select what was con | | 
red to be the most suitable tempering current, and 
this at a constant value for each series of test a f— 41 __ 
Ww permussible 1s shown from previous worl (7 
dicate that tempering time and tempering | 


current for a shorter time would give simi 


‘ 

t rrent are mewhat complimentary, 1.e., a higher ten } 
| 


wer current for a longer time, within wide limit 


Steels Under Consideration Le 


Phe steels used in these spot-welding experiments wer 


WS 


Carbon manganese steel (En. 15-V7, STA 5 


Si 0.20 —=— 
} 
. 
~ 


lhe specified properties of this steel in the ‘‘as-rolled 
rmalized condition are 
Ultimate stress 1) tons per sq. 1n., minimum 


Yield point ?4 tons per sq. 1n., minimum 
! ! | 


Manganese-nickel-molybdenum steel (En 13-VS 
s-In. Plate Plate \__ STEEL BLOCK CLAMPS 
Analvsis ( 0.19%, 0.18%, Fig. 2 (c)—Impact Test Specimen 
0.105 0.10 


S 0.022% 0.02207 Test Equipment 
P 0. 040°, 0.041' 


Mo 0. was an experimental Metropolit 
The specified mechanical properties of this steel mati -KVa 
— te form after normalizing and tempering are shows diagrammatically the circuit 
Ultimate stress 1) tons per sq. 1n., minimum standard connections to those r 
proof stress tons per sq. 1n., minimum ment purposes will be seen 
Elongation 17> on Sin to supplement the equipment with thre 
d 10 ft.Ib. minimum ing unit na two contactors, Wn 
how is the weldi tr for t ‘ 
Nickel-chromium-molybdenum steel (Vilbrac \ ted to th , 
COT ( ( | l 
} 1 tor 1series O| re pt wit r\ ‘ 
he chemical analysis of this steel was as follows 1 4] i. ve 2 
and the selected tappings used lor t 
heat treatment can be connected 1 
0.19°, through contactors and Cs, respect 
\In 0.60%, The method in which the circuit operate briefly 
‘ 11 
\ 1 2.09", as 


I 0.69%, Che main control tumer, N is set to time tl 
Mo o.¢iy plete cycle of operations, and 1s eners 1] 
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Fig. 2 (b)—-U-Tensile Test Specimen 
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(1) 0.06 C steel 4 in. thick 

(2) 0.20 C steel! 0.40 in. thick 
(3) MnNiMo steel | in. thick 
(4) MnNiMo steel in. thick 
(5) CMn steel | in. thick 

(6) NiCrMo steel | in. thick 
(7) NiCrMo steel 4 in. thick 


rey 
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3-—Comparison of As-welded Hardness in Spot Welds 


Mild and High-Tensile Ste el 


foot switch. It controls the air supply valve which ad 


aa 
mits air under pressure to the air cylinder controlling the 
movement of the upper electrode of the welding machin: 


When the air pressure has built up in this cylinder, an air 


Lil 
switch 1s closed and timers Nos. 2 and 3 come into opera 
tion, timer No. 3 being set to time the welding time, plus 
the cooling time. The weld is, therefore, made, and 


arter a prt determined cooling pe riod post-heat is ip} lied 
by automatically bringing timer No. 4 into operatior 
At the conclusion of the post-heat period, the main 
control timer falls out, air is exhausted from the system 
and the air switch opens. All the timers are de-energized 
and the foot switch is opened. By using suitable intet 
locking contacts, the foot switch can be released at any 
time during the operation and the entire system will be 
automatically controlled by the timing system 
Although the arrangement described may not be the 
most economical one from the point of view of equipment, 
it is probably the most simple one to use in the conversion 
of a standard spot-welding machine for the purposes of 
welding high-tensile steels. In these tests, the arrange 


ment described was found to be perfectly satisfactory 


and no difficulties regarding its operation were encoun 
tered. 


TABLE 


Best WELDING CONDITIONS FOR PRODUCING SHORT-TIME 
\VELDS IN THE MATERIALS CONSIDERED (NOT HEAT TREATED) 


A 


Thick Ty | =e 

Steel. | Time. |Current. |, trode 
ness liameter 


pressure 


In Cycles. | Amp In Lb. pet 

q. 

Mild steel 1/16 12 9,720 | } 12.606 

CMn steel . 20 18,000 25.000 

MnNiMo | 1/16 | 12 10.600 } | 25.000 

steel | 20 18.000 25,000 

NiCrMo | 1/16 | 16 10,800 5/16 | 15,600 

steel : 23 18,700 | 13/32 30,000 
7/16 | 


Mechanical Tests 


a Shear Tests 
materials is shown in Fig. 2 


The shear test specimen use: 


(a). Itisa single s} 


men in material, 4'/»in. long and 1'/sin. wide, over 


J 50 
| in. for spot welding. All specimens were pulle 
\msler 10-ton tensile testing machine. 
b) “U”" Tensile Tests-——The ‘‘tensile’’ stre1 
welds were determined using the specimens on 
Fig. 2(d These specimens were all tested in tl 
machine used for the shear tests, employing an ay 
ite modification to transmit the load from the 
to the specimen. 
‘ 
Impact Shear Tests.—A limited number 
were carried out using a specimen as shown in Fi; - 
© 
A special clamp was made for anchoring the speci a 
the bed of an Izod machine of 120 It.-lb x 
20 
Much promise was shown by this test, but it w fa) 
tinued at an early stage in the investigations, du > 
fact that although ‘“‘as-welded”’ specimens failed 
Ni.CrMo. STEEL THICK 
\ 0 
\ 
\ 
2 
— — - -4 
WELDING TIME CONSTANT 23 CYCLES 4 
5 TEMPERING TIME CONSTANT 23 CYCLES 
«a AS WELDED 
x 2. < NG TIME 200 CYCLES 
> 200» 
0 A. A. 
04 o5 


0-1 0-2 03 
DISTANCE ACROSS WELD (INS) 
Fig. 4—Hardness Curves for '/;-In. NiCrMo St 


10 tt.-lb., the welded and tempered specimens ret 


unbroken after the maximum blow of 120 ft.-lb 

Cycle Recording.—Records of welding time, ‘‘off 
ind post-heat time were taken by means of aG.E.( 
recorder, which recorded every half-cvcle of weldu 
off’ time and post-heat time 

‘Current Measurement.—Welding current and p 
current were measured by means of a current tran 
placed around one arm of the welder, in conjunctio1 
a pointe r stop ammeter; current measurements we! 
corded to an estimated accuracy of 5% 

Electrode Pressure Measurement [he pressur 
measured directly by closing the electrodes on 
container filled with oil, the pressure developed 1 
being registered on a gage. The container was 
form of two saucer-shaped disks welded together 
circumference. The gage was calibrated on a st 
Amsler testing machine. 

Tlardness estin Hardness surveys were mace 
sections of representative welds by means of a V1 
Diamond hardness testing machine, using a load o! 
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400P 


300K 


HARONESS 


Ni.Cr.Mo. STEEL THICK 


he following points were obser 


tion of optimum welding conditi 


1 Oo avoid or minimize spar 
| preliminary stage r type 
4 o — Were Kept tant Ior l] 
\ series ol inclu U t 
wa le in each tvpe and thickne 
WELDING TIME CONSTANT 196 CYCLES t he npropriate opti wel 
le and shear pecimens were 
2 TEMPERING TIME 20 CYCLES lkOUSIY, Wilt 
3 21 hy ly 11 XK 1) 1 
4. 
s. 22 line parallel and close t e fu 
hows the distributs rdm I 
velds made in the high-t il tee] 
ti 1 surveys taken acr weld ( 
( ry] carbo! teel tor 
It w 17 by eT t t hie ‘ 
I tel erage M0 V.D.H 
A. A. ' 


02 0-3 
DISTANCE ACROSS WELD 


Fig. 5—Hardness for Curves for e-In. NiCrMo Stee ctory conditions obtaining in iS-we] 
I the steels with the exception of the 0.0 
Having establishe optumu ve] 
Test Procedure the actual welding erati ’ 
tinue to deter e heat-t1 
he it -tre ent 1 wer,Te rrieadi ol Tey i] hetwer wel 
lor I iucing ld consistent were using a tant value heat-ti 
ed for each material. The aim was toward tioned previously. In each cas 
e hig urrent welds, in order to mu ize the time W first tried | 
ti required for the complete cycle to b eT usins irious 1 
later, which was to include the “off tn nd An optimum heat-treatment ti 
rin tin Det ot surlace prepar 1 the r the esti! ted cooling perv 
erials are referred to later in this report g¢ th art the test I 
TABLE II 
SHEAR TI - 
\ ) ri il EH 
eci- | We Spi Tit 
| 
en ( men | Wel off in | Treat me 
| load failure No. } tame ycles ment ] failure N 
| ( ycl ( ‘ | 
5 23 | 6.100 ‘ 63 23 198 | 11.100 ( 53 23 
| 292 | | 9 
io | 23 4000 64 } 198 1% 100 54 23 
77 23 | 6,700 65 23 198 | 22 111.400 | 55 3 
| 93 § 501 S 66 23 198 11,700 
Aver | 6800 Avert 11.600 Aver 
| 
TABLE III 
I'ypPIcAL TEST RESULTS AS OBTAINED FROM TEST ON NiCrRMo STEEI TC} 
U-TENSILE TESTS 
79 23 1,200 S | 6, 23 198 9 1 4000 | 7 
23 1.050 68 93 198 | 99 75K 
23 1,270 S 69 23 198 A PO 5Q 
82 25 1580 | ‘Ss 70 93 198 99 600 60) 
| 
83 71 23 198 PO 61 
Aver 1,274 | Aver 3 69) | 
i 
S Weld failed by direct shear through centre 
PO Failure caused by weld pulli out of sheet 
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lo avoid excessive plate indentatior 
| \ D lo obtain consistent weld si 
500 vA ( Co obtain consistent weld sl] 
shed in thess 
in th 
11 LeTia 
t-treatment 
nad 
| 
ie | 
lescribed pre 
e! ectioned 
he weld along 
200 Ficure 
> he sectio1 
includ 
10 on 
4 
(INS) tee] | CSE hart urvey istrate 11 T1 
At 
tex 
7 
Tre ‘ 7 
‘ 
| 
“wal 
] i ‘ 
4) 
4 
9 
9 300 
{ 
‘ 
‘ 
5 
a 
1,78 


Best WELDING Ci 


Stee! 


CMn steel 
MnNiMo steel 


NiCrMo steel 


ment time 


constant 


INDITIONS Ft 


PRODUCING 


specimens were then prepared for examination a 


g times. 
optimum 
time 


coolin 


tensile testing and shear testing. 


This 

combination 
was established, at which setting a 
specimens was prepared for 


TABLE IV 


IN¢ 


| Thickness. | Tip Electrode Welding Welding | OF 
| pressure current. | time peri 
In In | Lb. sq | Amp Cyclk Cycl 
| 25,000 | 18.000 107 
1/16 | } | 25.000 | 10 600 12 23 
3 25.000 18.009 20) 85 
1/16 5/16 15.600 10,800 16 104 
3 113 /32-7 16} 30,000 18,700 23 198 
at the established optimum value, All the tests were carried « 
t various truncated cone shape, the 1 
process was continued until an 


of oli 


ng 


full 


ind heat-treatment 


Ol 


SeTics 


hardness examination, U 


This process Was r¢ 


In 


Table I ar 


peated for each thickness of each material under consider for the welding of each thickness of steel. Th 
ition. each case was toward short-time welds. In the 
TABLE V TABLE VI 
COMPARATIVE SHEAR STRENGTH OF WELDS MADE WITH AND COMPARATIVE U-TENSILE STRENGTHS OF WELDS MAI 
WITHOUT HEAT TREATMENT AND WITHOUT HEAT TREATMENT 
Shear Shear Improve- U-tensil U-tensil I 
ne h “noth Vv renot} ~ enot} mis 
Steel strengt! strength ment by Steel Thickn tren ‘trengt 
as heat- heat- a heat 
welded treated treatment veld t t 
In | Bie «hE Per cent In Lb Lbs Per 
Mild steel 0.04 | 1,550 } 1,720 11 Mild steel 0.04 800 1.700 | 11 
0.20% C. | 0.20% C. | 
CMn steel . 6,700 9 266 383 CMn steel 1407 2.670 
MnNiMo 1/16 | 3,074 3,310 | 7.7 MnNiMo | 1/16 358 942 16 
steel i | 7,520 9.080 | 20.8 steel | } | 1,722 2,316 | 34 
NiCrMo 1/16 | 3,225 5,144 59.5 NiCrMo 1/16 282 1399 | $F 
steel 4 6,800 | 11,600 70.6 steel } 1,274 |} 3,690 19 
TABLE VII 
STRENGTH OF HEAT-TREATED SPOT-WELDS IN DIFFERENT STEEI 
; ant | | We! 
Steel | Thickness load at Method of Wel e:d tre 
; failure diameter area 
failure | fai 
| Per cent. of | 
In Lb series P.O In Sq. in per sq. 1 
or S 
Low C steel (0.06 per cent.) 1/16 1,720 100 P.O 0.25 0.049 17.0 
Mild steel (0.20 per cent. C.) 0.04 1,866 | 100 P.O. | 0.23 0.0415 18.5 
CMn steel 4 | 9 266 100 P.O 0.375 0.1106 37.7 
MnNiMo steel 1/16 } 3,310 | 100 P.O 0.24 0.0451 32.8 
| 4 9 080 100 P.O 0.375 0.1106 36.8 
NiCrMo steel 1/16 5.144 40 P.O. | 0.28 0.0614 37.4 
4 11,600 | 60 PO 0.406 0.129 40.2 
P.O - Pulling out of weld from one sheet 
S Shearing of weld across the sheet to sheet contact plane 
TABLE VIII 
| U-tensile strength Per cent. improvement 
Steel. Thickness. Heat Heat By furnace 


CMn 
MnNiMo 


NiC+ Mo 


SLE HEAT-TREATED Spot WELDS IN THE MATERIALS AS T1 


at 
treatment 


current 


Amp 
11,000 
8.600 
11,000 
& 400 
12 890 


elect 
ingle 


ut using 


icluded 


Test Results 
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| 
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] 
rod 
be 1! 


Settings arr 
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n 

1/16 

} 
1/16 


( omparison of 
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As welded. 


| 1,407 
| 358 
] 


282 


1,274 


treated in 
machine 


670 

942 
2 316 
1,399 
3 6909 


treated in 
furnace. 


3,100 

987 
3,030 
1.685 
4 780 


improvement in U-tensile strength effected by machine tempering 
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400+ 
TEMPERED 
/ 
300F 
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DISTANCE ACROSS WELD (INS) 
6 (a)—-Comparative Hardness Survey CMn Steel '/; In 
06%, carbon steel, no surface treatment was r 
i, since it was a steel of auto-body quality receive: 
perfectly bright condition; the high tensile steels, 
er, all required surface treatment of some descrip 
being in rather a scaly condition, and this was car- 
out by shot blasting. The removal of slightly 
600) Mn. Ni. Mo. STEEL THICK 
| 
$00 
| 
| 
nab 
400 / 
MACHINE TEMPERED / 
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Fig. 6 (c)—-Comparative Hardness Survey MnNiMo Steel af 
rolled-in scale on some of the material q 
cle but rather irregular conditi r t g 
unimuze splashing, high wel r pres I 
Sal Che machine set how t 
finalize ter a good ¢ istent weld shap 
in each case; this was necessary in order t ] 
iparable results for subs: juent heat-tr is 
again, high pressures were necessat * ent 
weld siz 
600, 
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Fig. 6 (e)—-Comparative Hardness Survey NiCrMo Steel !/, In 


A series of specimens was made in each thickness oi 
the materials under consideration, using the best set 


tings as shown in Table I. These specimens were as 


follows for each thickness of material: five shear speci 
mens; five U-tensile specimens; specimens for chisel test; 
specimens for hardness surveys; specimens for impact 
test. 

The settings established in these tests were main 
tained throughout the post-heat treatment tests which 
followed. Figure 3 shows the distribution of hardness 
across each weld, welded without post-heat treatment. 

After approximate conditions for post-heating had 
been established, the cooling or “‘off’’ time and the post 
heat time were varied in turn, keeping the other variabl 
constant. A typical set of hardness curves obtained 
from these tests 1s given in Figs. 4 and 5, as obtained for 
the '/s-in. thick NiCrMo steel. It will be seen that at a 
constant post-heat-time cooling time, varied over a mat 
ter ol tour cycles (196 to ZOO «¢ vy‘ les), makes an ap preci 
able difference to the resultant weld hardness, and at a 
constant cooling or “‘off’’ time, the post-heat-treatment 
time, varied from 20 to 24 cycles, had a similar effect. 
It would, therefore, appear that accurate timers would 
be necessary to give consistent results in production 
Tables II and III show the correspondingly physical 
properties of a series of single spot specimens made 
with and without the best tempering treatment so estab 
lished for this thickness of NiCrMo steel. 

It should be noted here that with an “‘off’’ period 
shorter than a certain value, very little improvement 
on weld properties results. This time would appear 
to be the minimum necessary for cooling of the weld to a 
temperature within the martensite forming temperature 
range. 

As mentioned previously, the mechanical tests carried 
out were shear, U-tensile, and impact tests, the latter 
being discarded at an early stage in the investigations 
due to the inability of the Izod machine to break the 
heat-treated specimens. Supplementary qualitative tests 
were also made at an early stage in each series of tests in 
the form of chiseling tests, in which one plate is pried 
apart from the other by means of a chisel and hammer; 


this test was found to be very 
most of the 
treated welded specimens broke easily with a li; 


whereas when the correct heat-treatment con 


high-tensile steels 


useful, 


Inasmu 


considered, 


being approached, excessive deformation of thx 
was necessary before s¢ paration of the sheets 


ture finally took place leaving 


a button on 


fracture of the non-heat-treated welds took plac 
fusion zone. ; 


the 


In Table 


Fig. 7 (a) 
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Photomicrographs of Spot-weld 


Steel (500 
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y treated spot welds in the various steels as used In Table V are shown comparative she trengths of 

tests. Longer quenching times are necessary welds made with and without heat trea nt. Each 

hicker steels in order to allow the temperature to figure given is the average of six test nd in no case did 

martensite forming temperatures before post the scatter exceed +10°;,; increase in shear strength was 

it commences. Better consistency appeared to be 70°, in the case of the sin. thick NiCrMo steel 

bt | from allowing this quenching stage to become Much smaller increases were obtained in the cases of the 
whi y completed, and for this reason the later tests lower tensile steels 
rried out using rather longer “‘off’’ periods than In Table VI is given comparative U-tensile strengths . 
irler tests. As previously stated, if the post of welds made with and without post-heatins Kacl 5 


is brought on before martensite has formed, it figure given is the average of a series ol five t 
itle effect be seen that the maximum improvement occurred in the , 


ths 


ar” 


tig. 7 (b)-Photomicrographs of Spot-weld Sections in MnNiMo Fig. 7 (c) Photomicrographs of Spot-weld Sect 
Steel (500 x) Steel (500 
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of the '/,,.-in. thick NiCrMo steel, in which the in 
crease in U-tensile strength by post-heating the weld was 
nearly 40057. The corresponding increase in shear 
strength in this case was 59.5°,. Thus it would appear 
that the U-tensile test gave a good evaluation of spot 
weld brittleness, whereas little difference is shown in the 
normal shear test between brittle and ductile welds. 

In Table VII the “‘shear test”’ on the weld at failure has 
been tabulated for all the materials tested. These 
figures of shear strengths were calculated by dividing 
the average load by the average weld area for each series 
of specimens. The method of failure also is shown by a 
percentage representing the proportion of specimens in 
each series which failed by the weld nugget pulling com 
pletely out of one sheet. It will be seen that this type of 
failure which is indicative of weld ductility in these thick 
nesses of plate, occurred throughout, with the exception 
of the NiCrMo steel, where 40° and 60°, (for the !/y.-in 
and */s-in. thick material, respectively) were “plug” 
failures. The stress at failure in these two cases, how- 
ever, was extremely high, viz., 357 and 40 tons per sq. in., 
respe ctiv ely. 

The series of graphs numbers 6 (a) to 6 (e) shows a 
comparison of hardness surveys taken across the weld 
nugget of each material when the weld has been made 
a) Without post heat. 

b Post-heating, using optimum machine setting 

( Post-heated (tempered) in furnace. 

In all cases it can be seen that a substantial improve . 
ment has been made as regards reducing the weld hard 
ness by machine tempering \lthough the improvement 
does not approach that obtained by fully tempering the 
welds in a furnace, the resultant weld properties are sub 
stantially better than the ‘‘as-welded”’ properties, inas- 
much as they are tougher and more ductile, as shown by 
the chiseling and U-tensile tests. The corresponding 
improvements in U-tensile strengths are shown in Tabl 
VIII. Photomicrographs of typical structures of thi 
‘‘as-welded,”’ machine heat treated, and furnace heat 


welds are shown in Figs. 7 (a) to 7 (e). It can be seen 


Case 


Conclusions 


1. The properties of spot welds produc: 
high-tensile steels tested were greatly improve: 
matic tempering especially in the case of th 
high-tensile strength. 

2. The U-tensile test was found to be th 
uid best quantitative test in discriminating br 
from more ductile ones 

5. The U-tensile strength of welds may b 
tially increased by tempering, a maximum 
times that without heat treatment being obtair 
case of the NiCrMo steel. 

t. Considerable choice of cooling time is 
so long as it 1s above the minimum time requ 
the weld to cool to martensite-forming tempe1 
The tempering time must be adjusted accor 
order to reach a temperature in the weld at wl 
pering may occur, but which will not raise the we 
perature above the uppe r critical. 

o. Once the correct setting for the variou 


has been established, it -should be maintain 
accuracy of about +] cycle in order to e1 
sistency. 

6. For production work on steels which req 
treatment, it 1s suggested that due consider 
given to the following 


a) Means of providing a constant line volt 
} Suitable electrode material 
Che cooling of electrode tips by refriget 
Means tor selecting and controllin 
the welding, post-heat and the cooling 
tect of shunting of current through 
welds. 


f The effect of surface condition of the steel 


The authors are indebted to Dr. H. J. Gous 
M.B.E.. D.Sc., Ph.D., M.I.Mech.E., F.R.S 


( Seoientific Recearec] nd evelopment 
that a considerable alteration of the as-welded Marten ral R | Devel 
: + é try of Supply, for his kind permission t 
sitic structure is effected by machine tempering. 
work, and to Mr. G. A. Knight, A. Met 
Steel Co., Ltd., torh lued assist eon t 
Remarks 
cal side of the investigat 
It was noted during the tests that suitable heat 

treatment conditions can be more readily obtained on , 

the thinner sheets due, no doubt, to’ the fact that the References , 

heat can be more rapidly and uniformly taken from the 

pial 
weld area. nd H ot 
During the heat-treating process the electrode tips “ye rae 

do not flatten out and increase in diameter as is usual 11 2. J i Sehr 

spotwelding mild steel. They tend to wear around the 4 t 

periphery and the actual diameter of the tip is gradually > ny ae 15), 1 
' reduced. 1130 St 18 Resea 

In the January Supplement, the author of the article 

: on Tri-axial Tension, starting on page 9 should be listed 
as Dr. L. H. Donnell, Illinois Institute of Technology. 
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Summary of Observations of 


in Spot Welds in Alclad 24S-T 


By Robert A. Wyant’ 


THE L 


Researc h 


meeting of the Aircraft 

Committee on May 5, 1944 
Chairman, Mr. Merriman, asked for a discussion 
need for a standard of 
velds. After considerable 
that the writer prepare 


incaste! 


icceptability ot crack in 
discussion a motion was 


i summary of observations 


king that have resulted from the aircraft spot 
research at the Rensselaer Polytechnic Insti- 
purpose ol this paper 1s to summarize the informa 
cracking that has been more fully discussed 1n the 
reports from this laboratory. The original re 
uld be consulted for further details 
Description of Cracks 
t s which occur most frequently and give th 
le e those which radiate from the center of 


in planes perpendicular to the sheet In 
es they are visible at the surface of the shes be 
lrequently are entirely internal in 
the eve 
Cause of Cracks 
uncutally, crac re caused by shrinkage stresse: 
et up in the icinity of the weld durt its 


High temperature gradients exist between 
i 


talin the weld zone and the metal in the surround 

he During heating the metal in the weld zon 
under the restraint of the surrounding metal and 
lectrode force, which results in plastic flow. During 

g the metal in the weld zone contracts against the 

t t of the surrounding metal, which results in 


ge stresses and cracks 


Conditions for Cracking 


ie formation of cracks is favored by low electrode 
electrode tip contours which provide too great an 

| contact, excessive heat, poor surface preparation, 
metimes by certain characteristics of the current 
lorm, Cracks will form when the unit over 
lectrode contact area is inadequate to deform the 
| plastically to a sufficient degree to compensate for 
Cracks are likely to form in larg 
vi having high sheet penetration as a result of exces 
e heat. Cracks are frequently found in welds from 
h metal has been expelled as a result of poor surface 
ration. The formation of cracks is also favored 

me current wave-forms which do not permit enough 


torce 


.age, most 


l iboratory, Rensselaer Polytechnic Institute, Troy , 
rva is wer argely made in the course of research « i 
ract with the Natior Ad ory ommiittee for Aeror i 
ta ation th immar 


heat to flow to the etal t! r 
lore cooh Start 
Detection of Crack 
The only sure met! dete eser 
cra by radiograph Che met r 
unre Lit ince ilw t he ‘ 
of the ection will ot interse the I ne! ré 
crac re Irequentl scured | 
ishing practice When the cr ( { ( ‘ 
the be detected b iSl t t 
eT \ ‘ T T¢é 
n ve det mi ct 
eet tT T t hie tre } 
t he tren¢ reat ré 
ail ti ré CT 
Effects of Cracks 
Che effect of ct ot le 
1p how the weld and cent ré 
lesser extent upon thi the we "At 
employed in a lap joint, ( ot ul 
th under either static o1 t 
repeated | it tigue strengt re 
bl ) th resence \ 
ing the fatigue strength « large 
welds is slightly affected bv the pr t 
It should be ment ed that al 1 
summary are based tests { ( 
When a spot weld loved ti ( ttachment 
to a stre sed sheet, the é t of crac i en 
the sheet must be « idered The « epends 
upon whether the attachment is t ed 
ind upon whether the wel b ed 1 t i! ct 
Or rey ited | | rthe1 ore the t pr eT 
ties of the neet are tfected to differs Lhe I 
lects are l narizec These « 
dependent of wel VA 
While a report on the corrosion re t weld 
has not yet been prepared, specimens and re be 
examined to determine the effects of cracks in t] I 
spect. 
Avoidance of Cracks 
The best way to avoid cracl is { ae wel 
conditions which produce sound welds, free from crac} 
ind other defects, over wide range in wel rent 
When the magnitude of the welding curret ted 
to a value slightly above the middle of the ray ther 
the least probability getting either dud wel t 


Cracking 
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Table 1—Effects of Cracks on the Efficiency of Spot-Welded 
Sheet 


étffects on Sheet Efficiency” 
of Attachment Yield Ultimate rotal 
Load Loading Strength Strength Elongation 
Stati Stressed Not affected Slightly Greatly 
reduced reduced 
Unstressed Not affected Slightly Slightly 
reduced reduced 
Impact Stressed Greatly 
T¢ lu ed 
Unstressed Slightly 
reduced 
Repeated Stressed Greatly 
Unstressed (> itly 
edi i 
Based upon comparison with similar f en ontaining 


crack-free welds 


cracked welds unless there is a major change in condi 
tions. The most important requirement for fulfilling 
these conditions is that the unit force over the electrode 
contact area be adequate to deform the metal enough in 
the vicinity of the weld to prevent the development 
of shrinkage stresses while the weld is cooling. The weld 
may be allowed to cool either under the influence of the 
welding-force or under a higher forging-force applied at 
the proper time during the cooling of the weld. The 
two methods present different problems 

When a weld cools under the influence of the constant 
electrode welding-force, the occurrence of cracks 1s con 
trolled by the magnitude of that force and the contour of 
the electrode tip. The effects of varying these two 
factors are shown in Table 2. While cracking can some 
times be avoided by increasing the electrode force ot 
decreasing the radius of curvature of the tip-face, an in 
his fact 


is of great importance in spot welding Alclad 24S8-T be 


crease in sheet separation frequently result 


factor 
this method. Table 2 indi- 


cause sheet separation often becomes the limiting 
in controlling cracking by 
cates that it 1s usually necessary to compromise in making 
i decision to change either the electrode force or tip 
contour. Furthermore, a change in one may require a 
compensating change in the other in order to secure the 
desired results. Current capacity of the equipment and 
the required weld strength are also factors which some 


Table 2—Effects of Varying Electrode Force and Tip Contour 
on Characteristics of Spot Welds That Are Allowed to Cool 
Under the Influence of the Electrode Welding-Force 


Increa Decrea 
ing 
Effect of - Increas- Decreas Radiu Radius 
on ing ing of of 
Electrode Electrode lip-Face Pip-Face 
Fores Fores Curvature Curvature 
Cracking Le Mort Mort Le 
Sheet separation More Less Less Mort 
Expulsion Less More Le Morte 
Weld strength * Higher Lower Higher Lowet 
Tip pickup Le Mort Li Morte 
Tip deformation Faster Slower Slower Faster 


Current magni- 


tuck Mor Less Mors Le 


Current ranget Wider Narrowet Wider Narrowe! 
Surface indenta- 
tion Mort Less Lt Mort 


* 


Maximum strength obtainable in sound, crack-free weld 


Magnitude of current required to produce a weld of a given 


strength 


t Range in current over which sound, crack-free welds can be 
produced 
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times limit the usefulness of this method of 
cracking. When welding with a constant elect 
the current range, over which sound, crack-f; Wit 
can be produced, is narrow at best and becor 
existent for the heavier gages of material 

A much better method of controlling crackin, Ll 
Ol subjecting the weld to an electrode forging-{ 
is obtained by suddenly increasing the elect: 
at the proper time during the cooling of the 
this method the electrode welding-force and ti 
are chesen with due regard to their effects on sh 
ration, expulsion, current, weld strength, and t 
indicated in Table 2, but without reference t 


fects on cracking. The cracking is controlled 
by means of the electrode forging-fores Phe 
force should be from two to three times the 

of the welding fore Che ipplication of the 


force must be carefully timed with respect to the 
It applied too early, excessive sheet sep iration, ¢ 
or dud welds may result. If applied too late, 
fective in avoiding cracks. The proper time of 
tion of the forging-force depends primarily wu 
current wave-iorm. By this method of cracki 


sound crack-free welds can produced 


Vel 
Furthermor 
crack-free welds, having higher strengths, « 

readily obtained by this method than by that p1 4 


tremely wide range in current 


des ribed. 


(Good  surtace 


quirement for the avoidance of cracks rt 
that the sheet material be thoroughly degrease: 
subjected to a chemical surface treatment wl 
leave the sheet with a very low surface resistance 
ire several good methods of chemical suri 


ment, which are equally satisfactory 


vided that they are kept under control 


Che occurrence of cracl metimes affect 
current wave-form loo steep a condenser 
narrows the range between duds and cracl 
gradual a discharge appears to make a proper 
ti forging difficult In a.-c. welding cracl 
eliminated by increasing the time during which 
rent 1s allowed to flow This permits more heat 


into the metal adjacent to the weld, thus « 
weld and = 
ind the shri 

principl 


During cooling the 
sheet contract simultaneously 


expand. 


but to a lesser degree, in spot welding with el 
etic ener storage welders wher reheat 
flows for a considerable period of time \nv su 


ficial effect of the preheat, however, appears to 
shadowed by the effect of forging in these machi 


Frequency of Occurrence 


While no quantitative data are available, lab 
experience indicates that the occurrence of cra 
probably been very frequent in production. It 
lieved that this is particularly true for the weldin 
heavier gages (>0.032 in.) at the low values of el 
force that have been commonly used, and with 
benefit of forging. With more widespread use of w 
machines equipped with dual-pressure systems, wit 
and with more 
sive use of radiography, the occurrence of crack 
pected to become much less frequent. There is n 
but that millions of cracked spot welds have been 11 
ice. Since very few failures, if any, have evet 
attributed to cracked spot welds, this would 1 
that the spot welds have been so employed as to 
high factor of safety. 


proved suriace-treating practice, 
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| 
a Re: preparation is another import 
in this respect, pr 
{ 
AY 


Susceptibility of Other Alloys to Cracking Concluding Remarks 


With any given electrode welding-force and tip con It is COP tiydieny that in the future, 
H, 148-T, 528 H, and 61S-T are less sus welds may be required to carry larger loa V 

to cracking than 24S-T, 75S-T and R-301-7 is a result of trends tow 

ns that under some conditions the first four al in aircraft structurt nd | fabrication tin It ther 


be satistactorily welded without forging lore becomes extremely important that the effect 
last three alloys torging 1s highly recommended cracl n spot welds be understood and that cracks be 

avoided particularly 1n those a ve 

where the occurrence of cracks might have serious « 
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Normalizing vs. Stress-Relieving 


By O. Schmidt and E. Jollenbeck 


RRECI nd lucid conception of the rela metal undergoes two ructut 
j 
itages offered by normalizing, ind through the Ac; point on heating and by 1 ng thro 
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721°C ~ACs (900°C) 


Fig. 1—-Effect of Normalizing on Microstructure of Boiler Plate (0.18°;, C) 
‘—''As-rolled”’ structure; B—beginning of grain refinement —conti1 refi 
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Ne 
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(a) and 2 (b) 
(c) and 2 (d) 
(e) and 2 (f) 
(g) and 2 (A) 


Figs. 2 
Figs. 2 
Figs. 2 
Figs. 2 


structure in the base metal, transition zone and in the 
weld, Fig. 4, are the result of prolonged heating 1n the 
Ac; zone followed by an exceedingly slow rate of cooling, 
as indicated by the graph in Fig. 3. These illustrations 
were taken from actual practice, the improper heat 
treatment being due to inadequate furnace design which 
did not permit accurately controlled conditions. The only 
remedy in this case (involving the heat treatment of a 
boiler drum) was to repeat the normalizing treatment 
under proper conditions, Fig. 5, as a result of which, the 
structure shown in Fig. 6 was obtained The data sum 
marized in Table 1, clearly indicate that incorrect heat 
treatment and its concomitant microstructure 
pecially detrimental to notch-impact strength. 


arc 


7000 | 
800 


4, 


Figs. 3 and 4—Normalized Microstructure Illustrating Effect 
of Incorrect Heat Treatment 
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Macro and Microstructure of a Normalized Weldment 
Recrystallization in a Normalized Weldment 

Macro and Microstructure of a Stress-Relief Heat-Treated Weldment 
Macro and Microstructure of a Nonheat-Treated Weldment 


tre Re léved VV @la 


Considering plain carbon steel, a stress-reli 
treatment consists of heating to below the lowe1 
range (Ac,) that is, to below 700” C. (1292° F 


no structural changes are involved. 

A concise picture of the significant changes i1 
structure which evolve from sing 
ing 1s furnished bv the data in 7] 
these data the following observatu 
multilayer welding which, 
struction: 


l. The 
edly Subye 


ind multi 


mS ide ré 


are m 
i rule, 1s used in boi 


individual beads 
cte d to 


except the last ire 


a normalizing heat treatment 


8 0 


Figs. 5 and 6—-Normalized Microstructure Depicting C 


Heating and Cooling Conditions 
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Table 1—Effect of Heat-Treating Time and Temperature on Mechanical Properties ; 
, First Heat Treatment* cond H 
i 
Prope rty Slow Cooling ] et A. a A Fast Cooling 
Limiting Vah g Va 
sile strength, psi 97 ,450-—58,3¢ Vida 
1 ductility, ‘ 
impact value, mk¢ n 7 2 
yy and 5 
pecime 
d microstructures shown in I re 
8 { ical tre relieved boiler entc 
er 3 dicate the grain size produced by er wel p 
q 
Conspicuous differences in wel ti tion 
icrostructures of stress-relieve: eat-treated 
ve] ent ] d 2? bser vii 
tress-relief heat treatment peri it 600-650" 
) 02” that is, when thi 
are ture 1n no instance exceeds ¢ | 
icrostructures ol! nheat-tre tr re . 
q4 7 
welaments are depictec in Fic 4 
. 
] lowing cold defermati 
Microstructure in Weld Transition Zone of a Nonheat 
Treated Weldment 
The weld transition and heat-affected zon 
rr by the heating cycle to which the individual bea 
4 ected 
¢ observations suggest the following recommen 
01 ctual practice 
ition of light beads so that the succe 
ll refine the structure of the underlving 
t! ul 1LS ¢ tire thickness 
[ ot electrodes of equate thicknes 
q procedure as p 
MOSTLIE CacChl ICil a mManney# 
CG the entire width of the weld groove 
e conditior ire fulfilled there will b 
tructure left Ooi the last top w! ( 
h too m refined bv inical means tet 
In thi the structure of both weld 


Table 2—Effect of Single and Multilayer Welding on Microstructure ; 

Microstt 

ition Single Layer Welding* Multilayer W 
l tal f ted structure consisting of / \ I t 
terri p! pearlite t 


solution of arlite 


2 I t-affected zone Bheginnit ot 


d st ucture to A IX 
I ling of grain coarsening \ 
Overheated coarse ZTains near ! Ac 


ited Structure W idt i \ Wy hea ‘ { . vitl 
t vith columnar crystal ry l by f £ 
= 
temperature during single-layer welding 
temperature of the already solidified weld metal during deposition of a equent id 3 ltilay : 
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on 


“4 
| 
Bel 
<= 8 
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DEFORMATION % 
Fig. 9—Recrystallization in Soft Iron (0.05%C). After Hanemann 
newly formed grains may be smaller, equal to or larger 
than the original grain size of the metal considered. 

4 According to results reported by Hanemann, Fig. 9, 
recrystallization is especially favored by cold reduction 
over 59°, and temperatures above 600-700" C. (1112 
1292” F Che cross-sectioned curves, Fig. 9, indicate 
what degree of deformation is necessary at certain tem 
peratures, to promote recrystallization. The plotted data 

# likewise show what grain growth is to be expected at 
given temperatures. Accordingly, it will be noticed that 
grain growth (a@ phase) assumes considerable proportions 
following a deformation of 7—S‘ it temperatures of the 


order of 750° C. (1382° F At this point, 1t should be 
mentioned that recrystallization is a process with definite 
time de pe ndence. 


As long as the newly formed crystals are equal to or 


smaller than the original grains, recrystallization in 
welded joints is of secondary importance. However, if 
the new grain structure is considerably larger than that 
of the original metal, this grain coarsening may, under 


some circumstances, adversely affect certain mechanical 
properties of the metal—for instance—the notch-impact 
toughness. Recrystallization is liable to occur in the 
base metal adjacent to the weld due to the cold work to 
which it has been subjected prior to welding and the in 
fluence of the critical temperature attained during the 
welding process, Fig. 10. 

whether 


It becomes necessary, therefore, to determine 


> f rs 
Fig. 11—Undesirable Recrystallization in Base Metal 
Due to ‘Normalizing’ of Fine-Grained Steel. 500 
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Fig. 10—Temperature Distribution in Electric Arc We 
After Bornefeld 


recrvstallization after stress relieving has the 


as after normalizing 


1 Recrystallization in Normalized Plate 
ized weldments are heated above the Ac, pom 
dergo a complete change in microstructure It 
expected, therefore, that recrystallizati 
place \ctually, however, normalized we 
can undergo this transformation as shown b 
macro and microphctographs in Figs. 2 d 

The narrow light and dark stripes appx 
to the transition zone, Fig ire shov | 
to be well-defined nes, the ucrostructi 
Vary 11 rail Che fine-¢1 ed port 
zones are similar to the ‘ 
quately normalized weidment te 0); 
these refined zones lies a coat srained zone 
grain size may be of the order of 10,000; hy 
is a case of undesirable recrvstallization in that t! 
due to its excessive grain growth has complete! 
the pearlite (pearlite islands are formed 
mal circumstances, the pearlite would occur 
rite grain boundaries Several such cases wet 


grained and virgin base met 
ecrvstalliizalion } Sire Relieved P 


especially with fine 
9 


relieved weldments r 
1] treatment 


this subcritical heat n 
refinement produced by multilayer welding 1 


microstructure of stres 


ch inged by 


that of normalized weld For the purpose 
"a 
we 
& ‘ 
¥ 
Fig. 12 —Undesirable Recrystallization in Original Met 


Also in 
500 


and, Therefore, Stress-Relieved .Weldment 


G on witl 
\ 1600 tear 
| 
S400. 
ar? 30 ls 37572 werd™ 
— he 1 
Ong, 
ony 


\N. 


th normalized welds, stress-relieved weldments izing 
id been cold reduced 1.65 to 7°%, were « mployed. cussed, the 
reviously discussed characteristics exhibited by on the 


microstructure of weldments 
nalized welds, Fig. 11, were not found in stress 


| welds cold worked 1.65 to 2.25%. Plates which Normalized welded joints are cot ( 
en cold worked to a greater extent (5 to 7°7), how form, fine-grained (usually homogeneou 
id exhibit some recrystallization as per Fig. 12. ture. This desirable microstru ture may be 
tion of the pearlite, which previous to cold work only through carefully contr oll d conditior 
within the ferrite grains, remained unaltered in ture, holding time and rate of coolin: With fine 
h as stress-relief heat treatment does not involve a vindis sada ndesirable recrystalli é 
change in microstructure. It should bx pointed 2. tress-relieved weldments have 
t in the case under consideration the recrvstalli structure which, however, is not alwa’ 


phenomenon did not decrease the notch-impact Under certain circumstances this 


th of the weldment: hence it was incons: quential pendent 


[he relative advantages and disadvantages of normal electrode, ete 


NORMALIZED STRESS RELIEVED-— 


PLATE: MI MI Ma MIV Ml Mil 
TENSILE TESTS 
Tensile Strength 095-k, 095-k, O95 i 
| * | k, | k*® 
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fj NOTCH IMPACT TESTS 
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Fig. 13—-Test Data for Normalized and Stress-Relieved Weldments 
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on welding technique type and thick 


and stress-relief heat treatment havi been 
following may be stated regarding thei 
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IMPACT VALUE 


NOTCH 


Fig. 14—Notch-Impact Toughness of Weld, Transition Zone 
and Base Metal in Stress-Relieved Weldment (Plate Type M II) 


n view of the established relationships, the two heat 
treatments may be considered technically equivalent 
under circumstances involving adequate electrodes, and 
correct welding and heating conditions. 


Mechanical Characteristics 


Che tollowing tests were conducted using normalized 
ind stress-relieved specimens to determine whether the 
microstructure produced by these heat treatments af 
tected the mechanical properties of the weldments. Ac 
the weld 


iffected zone 


cordingly, all sections of the welded joint, 1.e., 
proper, the transition zone and the heat 
were investigated. 


and 


ss-reli ved 


Sertes a The tensile strength, bend ductility 
notch-impact strength of several hundred stre 
ind normalized weldments in the unaged condition were 
investigated over a five year 
tained for boiler plate quality 
M II, M III and M IV are 


period The results ob 
steels designated M I, 
repre sented in Fig. 15 The 
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TRANSVERSE SECT. 


Fig. 15—-Notch-Impact Toughness of Weld, Transition 
and Plate After Cold Reduction of 7‘ 

Material, struct te plate thick: 
in stress-relieve 


plotted relationships fail to show significant dif 

in the mechanical properties of stress-relieved 

malized weldments. 
Series 6.—In this 


notch-impact 


expecrime ntal series was 


strength of unaged and artificial 


hr. at 482” F.) weldments in the normal: 
stress-relieved conditions. The normalized sp 
were machined from four flat plates containin 
0.1S C, trace to 0.15 S1, 0.60 to O.S1 Ma composit 
welds: 0.05 to 0.06 C, 0.16 to 0.21 Si, 0.64 to O.S 


The chemical co 


ranged from 0.16 to 0.21 C. 0.23 to 0.31 Si 


stress-relieved 


i 


Table 3—Notch-Impact Value of Weld Transition Zone in Normalized Weldments 


Plate type M I] 

Plate thickness, in L. 57 

Chemical analyses C i Mn C 
Plate, 0.13; 0.15 |0.81!10.18 
Weld, 0.06!) 0.21 85 0.05 


Welder A 


Cross section of specimen, sq. in 0.253 X 0.255 U.2 
K U1, mkg./cm.? 17.8 
K U2, mkg./cm.? 13.7 
KU3, mkg./cm.* 21.2 
K.U4, mkg./cm 20.4 
K.U5, mkg./cr 19.4 
U6, mkg./cm 19.3 
KU7, mkg./en 16.4 
mkg. /ct1 
K U9, mkg 16 
KU10, mkg./cn 17.0 
KU11, mkg m 19.8 
KU12, mks 41.1 
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0.64 Mn, and the welds contained 0.07 to 0.08 ¢ 
0.32 Si. 0.57 to 0.66 Mn 

The notch-impact values of aged specimens, 1rresp* 
tive of heat treatment, were considerably lows 
those obtained with unaged specimens. Thus thi 
I III M IV Cu-Mo I] 
) 1.38 2 
Si Mn C Si Mn ( Si M ( 
22 0.09) 0.96 0.25 87 

\ \ \ 

0.233 0.119 0.23 0,333 ) 

8.4 
10.4 iv 
(). 4 10.0 4 

1.4 10.4 
10.0 
9.1 8.1] 61.2 
] 11.0 17 
8 7 ig 

me 9.9 25.5 
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re Table 4—Results of Notch-Impact Test in Weld, Transition Table 5—Details of Welded Drums 
Zone and Base Metal. Specimens Obtained from Stress- 
Relieved Flat Plate Type M II ae Degree o! 
of Plate I 
thick: il 1.14 
= rl 
C ork, RS 
M Il M Il Boiler plate M I] 
( | analy C Si | M ( I 


ction of specimen, sq. 1n 0.2535 X 0.255 0 130 Structural M Il 4 


tS 


1 & 
1 18 in ks hood of the transition zone during weldi lo elu 
I Q7 i mi cm 10.4 t date this question the experiments | ribed in the fol 
lowing paragraphs, were conducted usi oth flat plate 
ind drums Inasmuch as tensile test bend test Bi 
act strength of unaged normalized specimens varied etc., failed to show any essential dif 


6.5 to 120 mkg./cm.? whereas that for the artifi malized and stress-relieved plates, notch-1my t value " 


¥ iged specimens ranged from 1.0 to 4.90 mkg./em was employed is a criterion in this 
=~ ne case only, the value was 6.72 mkg./cm Phe a ormalized Weld Not 
g rresponding values for the stress-relieved specimens measuring 0.233 x 0.233 1n nd O ~ 
re: 9.0 to 17.8 mkg./cm.? in the unaged condition and cross section were machined from boiler quality steel i 
9 6 mkg./cem.* in the aged. On the basis of these plates, the thickness and chemical co1 ition of which - 
n findings it is evident that both types of welds are weak are listed in Table 3 Che microstructure ese plate 
ened by an aging treatment. The notch-impact strength iiter normalizing, was very homogeneot 
lues of normalized welds were somewhat inferior to fected zone’’ w present between wel nd base metal 
of stress-relieved welds but the general trends ob Che values obtained, Table 3, are 1n general high, at any é 
ed with both types of heat treatment were alike rate they are higher than those obtained in the original 
[] Transition and Heat-A ffected Zones unheat-treated pl Ue 


nditions favoring recrystallization accompanied by comprised tests on stress-relieved ed Z 
sirable grain coarsening and a drop in notch-impact from flat plates drawn 0°; and rounded plate Irt 
ghness are present, in an ideal form, in every weld drawn 1.65 to 7°;, as per Tablk 
ent Chis is so in view of the cold work to which Flat Plates: in this case the 1 M he 
wiler plate is subjected in the finishing stage of its manu middle of the weld (specimen K n the t1 it i 


ure and the critical temperature, often in excess ol specimen K2-T) or in the base metal 0.20 t y 


100" F.), which is developed in the neighbor from the weld transitio1 3] mens KS to K7 


Table 6—Results of Notch-Impact Tests in Weld, Transition Zone and Base Metal for Boiler Plates M II and M III and 
Structural Plate MII. Specimens Obtained from Circumferential Welds in Materials Varying in Inside Diameter, Wall 
Thickness and Degree of Cold Reduction. Weldments in Stress-Relieved Condition. Series I, Electrode A 


( rk QE 
\ | 
MITT (Boul ME IT 
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ee Table 7—Results of Notch-Impact Tests in Transition Zone 
: and Base Metal for Plate Type M II. Specimens Obtained 

from Circumferential Welds in Material Subjected to 
4 Varying Degrees of Cold Reduction. Series II, Electrodes 
4 A and B 


4 Plate ty M I 
\ 1) | 
\ ( il 1 \ 
PI ig 
\\ ) 
1-1 ikg./en 15.9 f 
KZ mkg Z / 
K3 } yin kg 12.8 
k IS. f f 
Kf 1). 12 g > &* 1) 2 
KS 27 mkg 
K12 
K ~ 
} 
§ K19 
Table The findings f1 these test 
Table 4 and Fig. 14 indicate that the h-impact 
\ vert suffici tly hi h it 1 the 
* b i] 
y Drums: this test series comprised specimens obtained 
b wer Quality steels | [| [IT] tructu! 
: steel M II (chemical composition given in Table 7). 
3 In order to obtain a comprehensive picture, ten circum 
terentials were made by five different welders using two 
types of electrodes. Details regarding the thickness, di- 
umeter and degree of cold work of the plates employed 
Bi ire listed in Table 5. 
Serie Electrode A 
In Series I was investigated the notch-impact resist 
5 ance of weld, transition zone and heat-affected zone. 
ei The notch was machined with its center in the weld, in 
R: the transition zone and in the base metal at a distance of 


0.19, 0.39, 0.79, 1.18, 1.97 and 3.15 1n. from the transi 


tion zone. The specimens were 0.233 x 0.233 i 
and structural steels) and 0.155 x 0.119 in.? (st: 
steel) in cross section. The results are given i 


Boiler plate steels M II and M III exhibit 
notch toughness. Highest values were obt bat 
weld and in the transition zone. The values be 
transition zone (in the base metal) were, as a ruk 
what lower but high values were still prevalent 


locations. A sharp, systematic drop in notcl 
strength was not observed in any cast 

The thickness (2.36 in.) of the structural 
mitted use of longitudinal and transverse (to di 
rolling) specimens. The inconsistency in the 


impact values obtained with transverse 

lable 6 and Fig. 15, is due to the inadequate hi 
ment of the original (unwelded) plates and is 1 
iscribed to the stress-relief heat treatment afte1 
Highest and lowest values were recorded at 


1¢ 


longitudinal specimen 0.233 x 0.233 1n ind 
transverse specimen 0.2.5.5 » 11 Irom -t! 
tion zone. In the latter case one notch-imy 


was as low as 2.S mkg./em 


The purpose of the experiments in this se1 
letermine the notch-impact value in the neig! 
the weld a1 transition e. In se { 
plotted in Fig. 14 revealed a drop in strength 
uffected zone, the test specimens had the note] 
in the transition zone and at 0.12, 0.19 and 0 
the etal 

0 The test det rest re 
Table 7 For ec ( re 1 

nhe t-trea tre 

gly, the lable 7 reveal a 

No n t stre th 1 
he 0.27-1in. te 

‘ mn i le 7 ep relat nshi 
with Electrode A held true in thi Phe 
pact value did not droy ppreciab] inywher 
0.27-in. area enclosed between transition zone 
i] 


Conclusion 


On the basis of the expe rimental data obtain 
and other investigations* dealing with nor 


stress-relieved weldments, the two heat tr 
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Phickne of plate, u 1.18 1.18 
Electrod \ R 
Sertes II, Electrodes A and B 
| 
14 
4 
should be considered as techni ally equi\ alent. f 
a ee * Erl. d. RWiM, March 6, 1940, and December Mi 
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A Study ot the Tensile Properties of 
Heavy, Longitudinally Welded Plate 
Specimens Simulating Deck an 


Shell Joints 


By Leon C. Bibber 


Background Object 


HE failure of a number of welded ships during Che general object of the tudy W 


recent years has brought into sharp focus a great mode and extent Ol flow in ordinary 1 hie 
questions pertaining to the performance ol mild steel plates of known tensile properti the tor 
welded in such large structures. Many in 4 specially shaped, welded and rious! mdi Gone 
tions are under way in this country seeking to tensile specimens here were, however, ny second 
ne the fundamental causes for these failures ry objects of the test as follow 
ery capable investigators are using the most , lo determine the strenet! longation an 


train-measuring equipment in their work and per of deformation and failure 
rts will undoubtedly add a great deal to the total 


opecimens simulating the co 
knowledge about the behavior of steels It 
felt. that nf : construction as 1t exists on cert (Sreat | 
( nowever, that more information was needed o1 
1 1 ore Carriers 
erformance of steel in large heavy structures loaded 
. ulat o thie 
\ccordingly, it was decided to conduct a 
truction it n cert 
tensile tests on certain large and unusual spect ; 
Short, wide, flat to re 
mulating in So tar as was possible construction . 
ol train the lat il é i ( 
( lal 
phase of the ship failure problem has caused 
| of comment: namely, that most of the ship . 
lave been square, sharp Dreaks 
mgation, suggesting to some the unwar! te 
that the tee] was brittle. It was hoped that 
imens, lat ind thick enough, could be made lo determine the effect upon bi 
ould fail with square fractures with little or no 
tion; in other words, we wanted to duplicate thx Cer, ' 
in the ship Chis hope was not realize is will 
‘ ter | tre 
1O1 were entertained that these tests would Ch wre] rr ess 1 | | 
the complete and final solution of the proble 2 
i ul Li 4 wt! 
racking of ships. On the contrary, 1t was clearly remperature of testis r()° J 
that the information gained from these expert 
add but another small amount to our store et 
ledge on the behavior of large welded structure He Cl : 
ed that the data on the performance of heavy perl ac Ue 


mens will be useful to engineers, 1n general, and 


e helpful to other experimenters desiring to 


ke similar worl [hese tests are in a sense a 
tion of a series conducted by the author at the Ch Necimens were 1 a Y ' 
l tandarad ind re} irted in the ] I) hvdr iulic eve-bar testi ( 
1e1 CoO it thetr \ mri ( 
An leet of tl of Na Ar 1 cap ble e bar 
t reat it Lilt ( 
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into the background of the picture Che load is trans data in the tables of this report show loads and 
: mitted from the moving head shown in the 1mmediate after gage corrections have been made 
foreground to the specimen by means of pin connections. A record of the total movement of the he 
On the larger specimens pins |(6 in. in diameter were used. testing machine was obtained throughout each 
The movement of the head of the machine is indicated marking the movements of the pointer for ea 
by means of a pointer indicator attached to the top tie rod ficant load on a sheet of paper as can be seen i1 
is shown These data enable what we have called a “‘lo 
All tensile test data on small standard round speci- movement” curve to be plotted. This resembl 
a mens were taken by means of automatic load-extension ventional load-extension curve except that it c 
a8 recording devices certain amount of strain error in that the head mo 
: includes some slight movement of the end links 
3 sibly some crushing of the pin connections 
Procedure The yield point load could be detected readil 
movement of the pointer. However, the crackin 
Special procedures will be described in discussing the scale from the specimen also proved to be an int 
. individual tests. The following procedures were com indicator. It was found that the use of brilliant 
mon to all large specimens graphic floodlights enable the smallest particles 
Gage points were center-punched into the specimens mull scale to be detected 
at various locations along the length, and many length, \s soon as practicable after failure of the sp 
, width and thickness readings were taken before the spect the clean fractures were photographed. Thos 
men was tested. which had been immersed in brine had to be photo 
The Pneumercator gages for indicating pressure were rapidly before appreciable rusting occurred 
. calibrated with a dead weight gage tester immediately The lengths between gage points and fractur 
before or after the completion of each set of tests. All measured so that the actual elongation mea 
; 
RECORDER FOR 
HEAD-MOVEMENT 
ION CONTROLLING 
3 
\ 
2 
3 BLNDER - 
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in connection with small coupons e bee é 
signed t e practically uniior 
r ect ll iy be 
ext tan I Ve I 
tive that propert the the « 
h w iit the word 
ect witl the larg \ 
I hat the ir¢ 
ed deliberately to give t 1 
ion, the t 1 | 
ti ( 
mere] ominal yield point 
he same reasoning applies to th 
terial The t 1] lat the | 
divided bv the l er 
erage lue w eall 
tensile strength, th te 
prob hy] early unt 
In the ise ol n, the { 
ears fro ll be 
1iere represt tati at 
the « of the large the « g 
erely the « val tre 
specimens cont ¢ on 
ne of Blockand 
OUTSIDE OF ANGLE = +S 
Fig. 2—General Views of Angle Test Specimens 
hee 
Lifting lug] "ad |Strake Leg 
fracture could be obtained. Final measurements Lec Flush 
width and thickness were made at the fracture and also 
the same points at which the original readings had Order of Welding 4, 
taken. The fracture measurements were used in 
determination of the reduction of area at the fracture ection A-A 
The average duction of a ove he ntire reduced 
in ling actt as Ci from all c 
sand width readings Detail of Lone, | 
Several hours were necessary to bring the specimen Welds Througr 
own to the predetermined low temperature, but once Section A~A rcl = a 
that te mperature had been ittained, it was easily main 
tained due to the large volume of liquid involved \sa >! 2 
ter of general interest it should be noted that in on: 
we were able to attain a temperature of 6° F. with * ho wee," 
ut and ice in the metal container The temperatures 
re measured by means of mercury and dial thet be 
rhout the entire paper it must be carefull Fig. 3—Assembly of Longitudinally Welded H eel Shir 
Or ind that the words “yield point,’ when us¢ Plate Corner Joint Specimer t ections 
TABLE 1.—List oF ANGLE TYPE SPECIMENS 
Welding conditions 
Reduced —— remperature 
section Restraint Post of Mark 
length, Type of during heat test, l each 
in. specimen Process welding treatment deg F required) 
72 Welded long. Unionmelt one None N 


corner joint side Manual Normalized 65 203B 
metal-are one Non > 


55 2 
side None 65 203D 
None 20) 203 

+f} 


That in ship None 20 203B1 


| straightened after welding. 
tightened and normalized (1610 degrees F, 114 hours cooled in air 
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Testing the Corner Type of Gunwale Construction 


General Description of Specimens 


A general view of the original specimens is shown in 


Fig. 2. 


101 


from the 1|'/,-1n. thick plate to the S-in. block to 
in two steps to lessen the stress concentratio1 


was accomplished 
shaped sections. 
also be seen in the 


through the agency of 2-in. thi 
These are shown in Fig. 3 | 
lower view in Fig. 6. 


». The specimen itself was made of | thick 


plate having the identical corner 
on certain Great Lakes ore carriers. 


construction that 1s used 
It will be seen that 


The foregoing experience indicates the unde 
ol connecting plates to thick sections even 


faired complete-penetration welds. 
the angle-shaped specimen simulating the junction of of tented tn in ‘Toll 
the deck stringer and sheer strake is attached directly 
table also includes the specimen cut from an 
to S-in blocks which are in turn jomed to large eye 
i : carrier. The testing of the latter will be dis 
shaped end connections. The specimen is so located on * Ses 
.. detail later. 
the blocks that the center of gravity of the specimen is 
4 coincident with the center line of the eyes so that no ec Vaterial 
by centricity of loading is introduced. No machining of hohe 
‘ this assembly for a reduced parallel section was possible In Table 2 are given details of the analytical « 
without introducing eccentricity tensile tests of the steel used for this series 
: It was thought that with large well-faired, complete ments. Both the standard flat plate specimens 1 
i penetration welds connecting the |'/,4-in. thick plate to by the American Bureau of Shipping and 
: the S-in. end blocks the full strength of the specimen A.S.T.M. 0.505-in. round specimens were used 
could be developed. It was found, however, that the termining the tensile properties of the material 
concentrations of stress at the end welds were so great from which Specimens 203D and 2035E were 
that failure occurred in the base metal at the toe of the ultimate tensile strengths slightly below the 55, 
welds. In Fig. 7 can be seen the effect of the restraint value of the American Bureau of Shipping 
exercised by the large end welds on the reduction in material complied with the requirements of th 
width and thickness. Accordingly it was necessary to The chemical analyses given are quite usual for 
3 provide transition pieces which would enable the change of material. 
. TABLE 2.—PROPERTIES OF PLATE MATERIAL USED 
Analysis Ladle Check Ladle Check | Ladle 
Carbon | 0.24 0.26 0.24 0.26 | 0.24 0 
Manganese. ... | 0.41 0.53 0.41 0.43 | 0.41 0 
Phosphorus... 0.021 0.023 0.021 0.024 0.016 (0) 
Sulphur 0.030 0.034 0.035 0.034 | 0.082 0 
Silicon 0.028 0.020 | 0.04 0 
Copper 0.01 0.02 
Nickel 0.083 0.06 { 
Chromium ‘li 0.02 0.04 0 
t Molybdenum........... 0.00 0.00 
Tensile data Individual specimen result 
Type of specimen |Standard|Standard | Standard plate | Standard |Standar 
0.505 tn. plate | 0.505 in. 
| diameter diametet 
Yield point, psi | 30,950 32,960 99 4 
| 30,950 | 35,300 36,400 27,960 
32,450 | 29,460 
Ultimate strength, psi 66,91 ) | 57.920 5g 98 
66,650 | 62,730 | 68,540 57.420 57,12 
4 66,650 | 57 420 
ia Elongation in 2 inches, per cent 29 (| 25 1) 
32.5 | | | 35.0 
32.5 35.0 
Elongation in 8 inches, per cent 


Proportional limit, psi 
Reduction in area, per cent 


Fracture 
Used for specimen marked 


Charpy impact (key- Temperatire of test, deg F, 
hole-notch parallel 
to plate surface) 


Individual values 


| 
| Average value 


| | 
| 
| 30,333 | 28,333 
| 53.3 | 48.1 39.6 58.6 
| 53.3 | | 9.9 
cup | cup 
| igeup | | cup | A 
lg cup | Cup 


203A, 203B 
and sheer 
strake of 203C 


| Deck stringer 
of 203C 


+70 | +20 —20 | +70 | +-20) — 2() 4-70) +20 - 
| 20.5 | 5.0 0 | 20.0] 6.0 1.5 | 24.0] 5.0 
19.0 | 3.! 2: 
9 
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jreal 
if 
° St 
Iso 1 
flat 
i7 
4 | 
31 
: | 
| | 
| | 31.0 
19.8| 3.5 | 1.2 | 21.2] 5.5 | 1.8 | 29.2) 16.0, 1: 
DRT! 194 


TABLE 3.—DETAILS OF FABRICATION AND WELDING 
Details of Angle Test Specimens 
Specimen mark 9203 A-203B-203C 203 D-203] 
tails of fabrication Flame cut, flattened, and machined Flame cut, flattened, 
before welding machined, and reflattened 
Details of Making Longitudinal Welds 
Electrode data 
Bead No —\ Ar Current, 
Mark Process (see Fig. 3) srand Size, in volt amps 
] Fleetweld 5 34 6 30 210 
3A | Manual shielded metal- 2 Fleetweld 5 6 210 
are Wilson 98 Yt 120 
Fleetweld 5 14 2 
| Unionmelt Oxweld 36 vi 1400 
l Fleetweld 5 at: 30 210 
203 D | Manual shielded metal- 2 Fleetweld 5 i6 30 210 
OSE ‘ arc 3 Fleetweld 5 ly 2b 120 
Fleetweld 9 39 21) 
Unionmelt 5 Oxweld 36 Ke 7 1400° 
203A 203B 203C 203 D 203 E 
tment after welding Cold Cold None None None 
longitudinal joint straightened straightened and 
normalized? 
Type of end connection l in. X 2-in. lin. X 2 in o/s in. X L-in Faired welds to special 12 in. long 
fillets direct to fillets direct to fillets direct to 2in. X 2in. X 10-in. angle ends 
eye-blocks. eye-blocks. eye-blocks to minimize stress concentrations 
Ends not ground Ends ground Ends not ground 
smooth 
1610 deg F, 144 hours air cooled 
° Speed = 6 inches per minute. Grind of melt = 20-200 
the lower part of the table will be seen the Charpy move the effects of the cold workins [his treatment 
hed-bar impact values for the different plates Phe lso removed all heat effects of the we 
this case were made with the notch parallel to normalizing cannot be applies 
late suriace It will be noted that these values at sired to see just what effect this treat h 
F. are low and at "20" are lowet Chis 1s char 
teristic of thick mild steel plate as has been pointed out 
us experimenters over the past 10 yr ind 
ilues will be seen on other plates throughout thi 
It should be noted that the notch-bar test 1s not 
peciication requirement for ship steel, and that struc 
, teel 1s not sold on that basis 
urate proportional limit tests were made on the 
in. specimens and it will be seen that the propor 
limit when properly made approximates the yiel 
t iairly closely in this steel It should be pointed out 
. lso that proportional limit tests should not be made on 


é t bar specimens because of the danger of eccentri 


fron of Spe men 


Lhe design of the welded joint shown in Fig. 3 is exactly 


used in the construction of certain Great Lakes ort 
ers Che details of the fabrication before welding 
iven in Table 33 \ll edges were machined 


detaius of the welding shown in Table 3 were als 
uly the same as those used on the ship, except 
the interior manual fillets were made downhand 

pecimen whereas they were made overhead on the 


lhe treatment after welding of the individual! speci 


is also shown in Table 3 Che first specimen made 
L08C his bowed, due to the welding on the corner, 
than °/),in. in 72 in he distortion can just barely 
en in Fig. 4 Che bowing of this specimen gives 


ition of the shrinkage stresses tending to bow thx 


in the ship, but prevented from doing so by the 
unt of the large surrounding structure ‘ ’ 
result of this experience, the next Specimer 
was cold straightened and then normalized to re Fig. 4—- Specimen in Testing M 
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ing and bending influencing the result / 
in + Wa 


Specimen 203A was cold straightened without subse 
quent heat treatment Phe remaining specimens were 
tested as-welded 

All were X-rayed before testing. A typical radio 
graph is shown 1n Fig. 5. Isolated blowholes occurred 1n 
the specimen as can also be seen in Fig. 11. These 
blowholes also existed in the ships at intervals of e\ 
foot or so throughout the entire length of the ship. 
believed that these holes are result of the 
trapped in the incompletely pen I f the weld 
and are due to that design of joint 

The chemical analyses of 


the resulting weld were as foll 


~ 


Nickel 
Chromium 
Molybdenun 
Vanadium 
Pitanium 


Fig. 6—Method of Making Lowered 
(Specimen 203E) 


by the shimmering of the 
lights, was slightly lower than 

Due to the failure at the toes « 
nonuniform stress existed, the fu 
elongation of the specimen were no 


Fig. 5—X-ray and Photomacrograph Through Blowhole in 


OUTER MIO-LENGTH 
Unionmelt Weld VIEWS AFTER FAILURE AT LOAD OF 1,490 


The similarity except for carbon and silicon of thi POINT OF WELD SPLATTES 
weld metal and the base metal is noteworthy. 
The construction of the flanged type expansion joints 
is Shown in Fig. 6. After the testing was completed, 
the simplest way to remove the tank was to pull it apart 
as illustrated in the lower view. 


Results 


The results of the tests are given in Table 4. Each 
specimen will be discussed in detail. 

The term longitudinal efficiency used herein may be 
defined as follows: Longitudinal efficiency ts the ratio of 
the longitudinal strength of the large welded or un- 
welded specimens to the strength of sthall standard plate 
coupons used in the normal testing of materials. 

(a) Specimen 203C.—This was the first one tested 
Cracking of the scale on the Unionmelt weld was noted 
at a fairly low stress. The yield point, as determined 


UNFRACTURED END BEFORE FAILURE AT LOAD OF (463000LB (61,80 


Fig. 7—-Details of Failure of Specimen 203A (Straight 
After Welding and Tested Without Heat Treatment) 
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TABLE 4.—SUMMARY OF TEST RESULTS 
T T v PHOTOGRAPH 
ha AKEN AFTER 
| ECIMEN WAS 
TORCH CUT 
) | FROM 
| | EYE-BLOCK 
| | | 
| f — rf 


APPEARANCE OF 
SPECIMENS AFTER 
COMPLETION OF TEST 


GAGE LE NGTH 
GAGE LENGTH 
FRAC TURE- 


TOE-TO-TOE LENGTH 


FRACTURE 
FRACTURE——y 
- 
TOE- TOE LENGTH—— 
GAGE LENGTH—————+ 
FRACTURE——~ 
LENGTH—— 

| | 
TOE-TO-TOE LENGTH 
GAGE LENGTH 

FRACTURE 
TOE-TO-TOE LENGTH 
GAGE LENGTH 


| | | EYE-BLOCK 
__ SPECIMEN MARK 203A 2038 203¢ 2030 203€ 
TEMPERATURE OF TESTING ° F) 62° 65° 55° 65° 20° 
START OF TESTING (INCHES) "BOW IN HEEL 000" 0.03" | 0.38" 0.33" 
STRAIGHTENED 
TREATMENT AFTER WELOING STRAIGHTENED| AND NONE NONE | NONE 
| NORMAL! 
"x2" FAIRED FAIRED | 
"x2" FILLETS 578" xi" wd 
TYPE OF END CONNECTION FILLETS GROUND | FILLETS | j50 5° 
i2”° LONG xX < LONG X 
NOT GROUND | CONCAVE | NOT GROUND | ‘Sry ig” 
ANGLE ANGLE 
OBSERVED CRACKING OF SCALE 
ON UNIONMELT WELO 25,060 25,250 | 20,400 | 
ooo G 
GENERAL CRACKING OF MILL SCALE 
ON LEGS OF ANGLES (YIELD POINT) 31,030 | 35,320 | 34,470 | 33,055 G 
——— — + - + - —+- + + 
LB | 1.490.000 | 1,490,000 |, 380,000 1,385,000 1,4 31,000 
MAXIMUM LOAD —— — 
Psi | 63,080 | 63,560 $9,020 58,670 60,560 
TOTAL BETWEEN GAGE POINTS | 9.640" 14.14 a" 5.988" 12.252" | 15.900" 
| CATION PERCENT OF TOE- TO-TOE LENGTH | ais | 20 04 | 6.45 17.24 22.50 | 
AVERAGE REDUCTION | CENTER -083" = 6.58%) 116" = 9.30%] oso" = 6.65%) = 0.34%) 
AT FRACTURE | 038" = 3.01%) .226" = 18.14% 004" = 0.32%) 200" = 15.84% 161" =12.74% 
REDUCTION IN WIDTH | | 717% = 7 953" = 9.55% 492" = 4.80%) 743" 7.41%] .983" = 9.8! 
OF SHEERSTRAKE AT FRACTURE | 147"= | 47%) 673" = 16 18S" = 1.84%)! 143" = = 11.40 1.200" =11.98 %| 
REDUCTION IN WIDTH ENTER So” | 673° = 6 95a" = 9 468" = 4.91% 703" = 7. 08 %| .939" = 9.45%!) 
a DECK STRINGER AT 213" _ 2.29%) 607 16. 20%) 145 = =12.64 169" =11.76 % 
= 4 4 ! > 
REDUCTION IN AREA CENTER 3.0940" 13. 1.10% 2460"= 18.11 4)2.0660" 8.8 % 7$0°=13.45 30°=18 08” 
AT FRACTURE |!.1050"= 4.68%|7.4000"= 31.57%] .4890"= 2.09%|6.0580"= 25.66° 23.07% 
LONGITUDINAL EFFICIENCY PERCENT 100.6 1013 94.1 | 101.7 | 105.0 | 


()0.707 x BOW AT HEEL 
@)BASED UPON "AS ROLLED” STRENGTH 
FROM LOAD(HEAD-MOVEMENT)CURVE . 
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4 

Specimen 203A .—In this specimen the end fillets 

: were greatly increased in width and length in an endeavor 

1 torce tlure int the ce ter o the per i¢ These 

efforts wer it successful id show the difficulty of di 
eloping the full potential strength of a fillet welded 
int even with a moderately abrupt change of secti 

i Better results were obtained, however, from the lar 

| ts \ lower apparent yiel was tound for 

the specimen than for its coupo1 Che ultimate strengt] 

i | longitudinal efficiency were good despite th 


that failure occurred ‘at the end and not in the center p 


= tion where thinning had been occurring 

‘< This thinning and narrowing can be seen in Fig. 7 
z: nd is also shown in the reduction of area values in Tabk 
i \n average reduction of 13.10°, had obtained over 
u the center portion when failure occurred at an end with 
° little local reduction of area Phe zone of considerable 
; reduction of area was unexpectedly extensive 

ak 

he 


have been very similar to the cooling 1n air of the 
‘ rolled plate The ultimate strength was 
similar to that of the coupon resulting in a long 
eflicieney of 101.30 
Nor 11711 ibled the welded joint it the 
transmit sufficient tension so that failure of the U 
occurred in the parallel length. Some necking o vhere 
a as can be seen in the table and also im the increase \ st 
F reduction of area at the fracture over that obtaimn tained 
the center 52 in. Ultimate failure was a sharp 
break, after great elongation had occurred Goo 
4 dl Specimen In this specimen a highes vy lo 


€ racks ir 
Face of Unionmelt Weld 
Specimen 203B.—The normalized specimen had 
‘ most of the locked up stresses produced by the weldins 
ind cold working removed; however, a certain amount 
of residual stress would exist in the specimen as a result 
! the differential cooling between the heel and the toes, 
is would be the case in any rolled ingle of these propor 
tio! In other words, Specimen 3203B was in effect 
> rolled angle with a zone which had the properties of 


weld metal 
| 


he yield point of the normalized specimen was very 


ae close to that of the as-rolled coupon Uhis 1s not sur Fig. 10—Appearance and Location of Fracture in 203E (Ts 


ss prising because the cooling in air of the specimen could at +20° F. As-Welded Without Straightening) 
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2 
SMALLEST 
Fig. 9--Typical Appearance of Incipient Cracks in Insid 
we. 
| 1O1 Ra 


ever, that this tailure « not 
el its il] tre t! 
tud 
tio ir more th ld ever 
shit | other w te 
tatic | 1S thie ‘ 
| irte ) I | ) 
shear ir e! t of 
ire the quare r tractt 
can be clear] en indi ing tl 
th it racks CCUTTE b | iT 
i the |} d wel t vari r 
lengtl the specime! te 
chall | ir} The Tance 
is shown magnified Figs. Sa 2) 
note that the h eld, whil ry! 
when compared to the | mmelt wv 
out these tests to be but littl tiat 
; timate failure of the specim« the 
Unionmelt weld Che cracks in t ( 
becani ipparent l | el 
These cracks ar ie to the that 
the weld metal (see Fig ) 4 t t 
surrounding base metal, and the v n order to 
ccommodate its to the greater! ‘ 
metal, crack t interval ( 
occur at elongations far greater tl er be uti 
in ship structurt 
PECIAL END CONNECTIONS ‘ | 
Fig. 1l—-Appearance and Location of Fracture in Specimer it will be seen 1 
)3D (Tested at +65° F. As-Welded Without Straightening) corner contained several small crack LOFE GISCUSSI 
of weld splatter and its effects will be gi ter 
rent yield point was secured than was obtained from In Fig. 12 1s shown a typical ement 
upon rhis 1s one of the few specimens in the test curve It will be noted that this curv: ilar in 
ere such was the case appearance to that of load-ext rve obtained 
strength in excess of that of the coupon was ob Irom sensitive strain gage mi emet! i small 
ined resulting in a longitudinal efficiency of more than specimen. A pronounced yield point w ed. It 
( will be remembered that Specimen 20 ted unt 
Good elongation, about as good as was obtained from _formly over its entire length and failed with a irp square 
long welded or base metal specimen in the entire break. This is reflected in this curve by the sence of 
eries, Was secured This elongation was distributed any marked falling off of the load, a nent 


er the length of the specimen and little necking either of local reduction or necking 
width or thi ss occurred. This can be seen by a 


parison of the reduction of area at the fracture with 


kne 


Supplementary Small 


points 


reduction over the center 52 in. where the gage | 


In order 
of the 


to 


determine the standard tensile properties 
located 


Che break was square and sharp and can metal and the 


10. If the performance of the specimen 


weld leat-aniected zor! in the bas« 


ngation!) 1s of the same square type that 1s found on f 
the failed ships 


In Fig. 10 can also be seen ‘‘chevrons’’ 
pointing to the origin of the fracture in the 
They are not as clear in this view as they 
at times; 
in the other fracture pictures herein 
the writer's experience 1S concerned, they seem to be an 
lallible indicator of origin of failure in the c ot 
fractures. In the 45° shear failures, they gen i 
do not appear 
€) Specimen 203D 


1 zone. 
lly however, other views of them will 


So tar 


are 


PPT as 


aM 
Quare 
Good strength and longitudinal 
icy were obtained. 


1945 


by 
2035 E 
occurred 


1 
now 


ition was developed 
F. than by Specimen 
in Fig. 11. Failure 
It is interesting to note, 


why less elong: 
men 203D tested at 65 
F. 


th the 


reason 


is shown 


blowhole 


\ 
strain me 


Fig 


at 


12 


teste 


ements 


possi ble 


Load-(Head-Movement) Curve for 
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+ 20° F. Without Straightening or 
Special End Connections) 


He 


ere | 

e seen in Fig 

vere to be judged by the appearance ol the fracture 

lone, one might say that the material was brittle, 

whereas it exhibited great elongation. 
rhe fracture can also be seen in the lower view of Fig. en | 

[his view shows the expansion tank after having i. | 

een pulled apart | 

This fracture (which occurred after 22.5°; over-all 
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A 
‘ 
| fa rene ay while immersed in brine and th fore no direct stress 3 
Specimen 203E (Tested 


metal, many standard 0.505-in. test specimens were somewhat less than the base metal, but the absol::te », 
taken across the welded joint as shown in Fig. 13. The sults are very good. The elongation of location ut 
results of these tests are shown therein. doubtedly not representative due to flaws at the 

It will be seen that the tensile properties of the weld the weld. These values corroborate the inference 
metal and the heat-affected zones are very similar; the tests in the big specimens; namely, that th 
both have higher ultimate strength, yield point and pro joint in the large specimens has slightly less capa 
portional limit values than the base metal. As would be elongation than that of the unwelded base meta! 
expected, the elongations and reductions of area are In order to shed some light on the effect of n 


REOUGTION tN AREA | | | 
| | 
| | | | 
STRENGTH 
4 =—= a 
~\ | | 
| “PINT | 
| 
PROPORTIONAL LIMIT 
| 
| OUPLICATE SPECIMENS LOCATION 4,5,6, AND 9 
| TRIPLICATE SPECIMENS LOCATION ay 7, AND IO 
| SEXTUPLICATE SPECIMENS LOCATION 8 
| PROPORI | | “Tyee | mooutus | 
LOCATION LIMIT POINT STRENGTH iN 2” IN $y nt OF OF | 
| | NUMBER | (PS.1.) | C%e) | (PERCENT) | FRACTURE| ELASTICITY 
38833 43357 72233 | ANGUI AR | 
| 40000. 70317 ANGULAR | 3033300¢ 
3 |___37333 39013] 66903 | 3/4 CUP | 3013300 
[a3 390| 69775 | 172 CUP 29 500000 
| 34006 38440] 69650 | I72cuP | 29 400 
} 6 33750 | 37695 67400 i72 CUP | 2705000¢ 
7 31000 | 32207| 67560 72 CUP | 26767000 
#.30333 32450 66 733 i/2 CUP 28 30000 
| 9 _|49800] 69650 __ IRREGULAR 
10 33667 | 42023| 69483 | CUP | 28367000 
Fig. 13—Results of Tensile Tests on 0.505-In. Specimens 
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rticular steel used in this test, the notched speci 


Testing Specimen Cut from Actual Great Lakes 


_ hown in Fig. 14 were made. The radius of the Ore Carrier 
: s about 0.0017 in. The great increase in yield 
nd ultimate strength as a result ot the notching 1S 
ng [his shows the increase in load that may General Desc? ( 
ined by this mild steel when a triaxial stress con 
ybtains The inherent ductility, although pos In Fi 5 
eat, could not provide an elongation suthcient t receiv fron ’ ers 
ured by ordinary means in this specimen o ) I eldin ( é 
effective gage length These figure hould be t it wa { 
1 when considering the results of the short is r testi | 
imens described latet 
| 
v 
| | 
| | 
| 
> | 
X0.67 67 
| X1.33 » X133 
STANDARD 0,505° SPECIMENS SPECIAL 60 V-NOTCH SPECIMENS 
| (SILKY 1/2 CUP FRACTURES) (GRANULAR FRACTURES) 
AVERAGE VALUES AVERAGE VALUES 
YIELD POINT 32,450 PSI YIELD POINT 64,700 PS! 
ULTIMATE STRENGTH 66,733 PS! ULTIMATE STRENGTH 85,750 PSI 
ELONGATION IN 2" 32.7 % 
REDUCTION IN AREA 54.5 % 
Fig. 14—Tensile Specimens from Unaffected As-Rolled Plate Used in Welded Angle Tests Numbers 203 A 
B and C 
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TABLE 5.—PROPERTIES OF MATERIAL TESTED (AS TAKEN FROM SHIP AFTER FAILURE) 


Check Analysis 


Unio: 


elt 
Part Deck stringer Sheer strake 
5 | weld 1 tal 
0.22 0.20 | 0 
Manganese. . 0.33 | 0.42 0 
Phosphorus.... 0.017 0.021 0 
0.05 0.05 0 
Copper.. 0.02 0.03 
Nickel. . 0.02 0.04 0.05 
Chromium 0.02 0.04 0.02 
Tensile Data 
Type of specimen Standard Standard Standard Standard Standard 
0.505 in plate? 0.505 in plate* 0.505 in 
diameter? diameter? diameter® 
Proportional limit, psi 33,500 34,000 41,001 
Yield point, psi 33,950 33,405 35,450 34,020 41,945 
Ultimate strength, psi 63,400 60,505 63,285 62,370 65,030 
Elongation in 2 inches, per cent 32.8 33.2 < 21.2 
Elongation in 8 inches, per cent 31.0 33.4 
Reduction in area, per cent 54.6 51.2 58.2 52.4 32.4 
Fracture 15 cup Cup 16 cup 14 cup Angular 
Charpy Impact (Keyhole-Notch Parallel to Plate Surface) 
Temp. of test, deg F +70 — 20 | +70 | —20 
Individual values 27 3 | 23 3 
24 3 23 | 4 
24 4 25 4 
Average value 24 4 
* Average of 2 specimens. 
Waterial The actual fracture is shown in Fig. 18. Failur 


rests on the material from the actual ship gave the 
results as shown in Table 5. It will be seen that these 
mechanical properties of the steel are very similar to 
those described previously. It will also be noted that 
the notched-bar impact values at —20° F. arelow. The 
strength and yield point of the weld metal are about the 
same as those in the previous tests but the elongation 1s 
considerably less. This was undoubtedly due to the 
fact that the welds in the actual ship were not as well 
made as those in our large test specimens for the very 
good reason that the welds in the ship were made in the 
overhead position whereas the welds in the shop were 
made downhand. However, an absolute value of 21% 


is good. 


attaching someth 


secondary cracki 


Specimen mark 


Fabrication of Specimen 


Due to a mistake in the shop, the weld was machined Yield point from 
flush as shown in Fig. 16, so that the original Unionmelt head movement 
welded surface and top of the sheer strake as it existed ve 
in the ship was not tested. This planing revealed the Maximum load 


blovrholes at intervals in the weld. 


ing to the « 


of the building of the ship. 
ment fell out of the sheer strake, probably as a result 
glob 


ng starting 


Temperature of testing, deg F 


Type of end connection 


( lb 
{psi 


f lb 
\psi 


leck stringer in 
It will be seen th 


from the weld 


203B 
20° 


Faired butt 


not occur through a blowhole, but started in a trar 
hand weld which was apparently made for the 


} 


it 


] 


wel 


TABLE 6.—RESULTS OF TESTS ON SPECIMEN CUT FROM 
ACTUAL GREAT LAKES ORE CARRIER 


d 


special 12 inches long 
by 2 inch by 2 inch | y 
10 inch angle ground 


flush 


SiS, Of 


38,000 


1,386,000 
59,200 


Elongation in 46 f inches 2.69 

Results inches |per cent 5.84 

rhe results of the test are shown in Table 6. It will Average reduction fat gage points 0.037 in. = 3. 


be seen by comparison with Table 5 that the yield point 


was somewhat higher than the yield point obtained from 
the coupons and the average ultimate stress was somewhat 
low. The elongation and reduction of area obtained were 
also low. The lesser strength and ductility could readily 
have resulted from flaws to be described later. The load 
head-movement curve is shown in Fig. 17. The yield point 
was not as pronounced as it has been in some cases and it 


Reduction in 
width of sheer- 
strake 

Reduction in 
width of deck 
stringer 

Reduction in area 


may account for the high value. 
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"lat fracture 


0.044 in. = 3 


fat gage points 0.225in. = 2 
‘at fracture 0.375 in. = 3 


fracture 


at fracture 


fat gage points 
fe 


o7 
1% 


5897, 


Hr 


or 


iv 


0.186 in. = 2.12% 
0.261 in. = 2.98% 


at gage points 1.187 sqin. = 5.14 


; on 1.597 sq in. = 6.92 
is possible that inability to locate that poimt exactly Longitudinal efficiency, per cent 97.7 
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| In general, however, it 
longitudinal « the shi 
al i ( to 1 
| 
HEER STKAKE In (0) 
the actual ter the 
| rust had bee 
ORIGINAL | th 
FRACTURE ‘ > 
ON SHIF path the ( 
— sible Phe el 
SHEER STRAKE the dec k inbe rd 
Further tests were conducted on 
this specimen t det ine ti 
INBOARD VIEW properts | the steel under vari 
| i¢ ] ) VeTe 
ORIGINAL rmalize to re elect 
- FRACTURE | cold working t | the steel 
ON SHIF 
iS I 
] he ( { JT Were 
tested 
ion of the 11] lure 
“SHEER STRAKE Stil] others were te 
TEST SPECIMEN till OLNETS Wel 
J 
INVERTED OUTBOARD VIEW OF SHEER STRAKE 
MITED By F ENCE Se that evel |! i! Cel 
a i specimen, considerable ¢ Hol 
rial. The inet ein hardne fter 
ORIGINAL the various test interesting 
FRACTURE Phe Firth hardn isted 1s practu 
Construction 
——DECK STRINGER 
TOP SURFACE VIEW OF DECK 
Tit \ Spec 
Fig. 15—Location of Test Specimen Cut from Section of Failed Lake Ore Carrier ens 1S LOW Lhey 
| 
iown at A and B Che chevron patterns in the fracture We 
icate that failure started in the deck stringer and pro 
ressed into the sheer strake MACHINED FLUSH 
1 \ 8 2— TESTIN 
, he hardness study in Fig. 19 is most significant -UNIONMELT WE 
single bead 1s deposited on »-in. mild steel 
by in increase 1n cuetinaien from about 125 Vickers 


1 


to about 165 results. For thicker plate the 
h rate is more rapid and somewhat greater hardness 
btain. Under weld globule B, the hardness surve\ 


tes that a maximum hardness of 37! obtained MANUAL METAL- AF 
wt EPOSITEL 
hevron patterns in the fragment indicated that ROM ABOVE 


portion of the fracture originated at weld globule B, 
ably slightly after fracture had started in the deck | 
er [his great hardness in mild steel results # 


the drastic quenching that followed an almost 
taneous application and removal of intense heat t 
ery severe heat cycle obtains 1n weld splatter, ar 
ind sm ill tack welds. 
he testing of the specimen from the actual ship shows nates ihe 
even though the weld contained blowholes, th 
done by ill-made attachment welds and weld splatter 
reater than that of the blowholes. It is believed ’ 
ill welding operators should be instructed to strike 
ircs immediately in the path of the weld that is to 
posited rather than dragging their electrodes across 7 
late and into the joint to be welded. Fig. 16—Cross Section of Joint as Made in Shi 
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Movement of Head in Inches 


Fig. 17—Load-(Head-Movement) Curve for Specimen 203B1 
(Tested at + 20° F.) 


had practically the exact sheer-strake and deck-stringer 
construction that obtains on certain existing oil tankers, 
except that on the tankers the deck stringer was 1'/; 
thick and in the specimen both the sheer strake and deck 
stringer were inches thick. 

On some of the specimens a small °/s-inch plate was 
attached to the sheer-strake portion of the specimen in 
almost exactly the same manner as the fashion plate was 
welded to the sheer strake on the ship. The ends of the 
specimens were attached to §-in. thick blocks as previously 
described and the center of gravity of the specimen co 
incided with the “center of pull.’’ In the case of the tee 
shaped specimens, it was possible to machine down the 
plates to a parallel middle section and 
centric loading condition. The details of the specimens 
with the attachment simulating the fashion plate at 
tached are shown in Fig. 22 Chose without the fashion 
plate are similar 

A list of the specimens is given in Table 8. 


not create an ec- 


Vatertal 


In Table 9 are given the complete details of the chemi 
cal analyses and the standard tensile properties of the 
steel used in these tests. Both standard flat plate spect 


mens and standard 0.505-1n. round specimens we: 


All of the steel passed the requirements of the 
Bureau of Shipping. 

It will be seen again that the notched-bar impa 
at —20° F. arelow. The proportional limit valu 


on the round specimens only are also nearly th 


those for the yield point 
Fabrication oT Sper 1771 


All plate edges of the specimens were machin 
after flattening an 
The precise wel 
were not known, | 


before welding 


ing details used on the oj 
ut the conditions shown in 
were established by experiment such that they ] 
weld approximating in contour that shown in 
photographs of the welds on a tanker Che hat 
ing was done downhand but the automatic | 
welding was done with the deck in the horizont 
tion as was the case in the ships. The degre 
cess which was attained in attempting to copy 
welds can be seen in Fig. 23 
It will be noted that longitudinal 


cracl 
throughout the length of the specimen. The wel 


i 
ill-formed on the surface as can be seen 1n Fig 
some cases it was necessary to deposit hand wel 
on top of the Unionmelt to fill up the groove as |} 
done on the ships It is believed that this tyy 


with the deck plate 1n the horizontal position s! 


be Unionmelt welded on shipboard; otherwise ill 
and cracked welds will be obtained as shown hers 


TABLE 7.—SUMMARY OF DATA FOR DECK STRINGER Sr! 
TESTED IN FOUR CONDITIONS OF STRAINING 


As fr 
removed tt 
from 0.502 
tested dian 
As angle pe 


removed specimen whi 
from ship which was cut f1 
after its taken from t 


Normal- failure ship after ans 
ized strained its failure sp¢ 
un- very (double ti 

Condition strained) slightly) strained) strat 
Yield point, psi 10,690 33,950 62,035 


Ultimate strength, 


psi 64,910 63,400 72.375 
Elongation in 2 

inches, per cent 30.0 32.8 22.3 
Reduction in area, 

per cent 58.6 54.6 55.5 
Fracture l4 cup cup cup 
Firth hardness 133 126 156 18! 

Note: “As furnished’’ data not available due to inabilit 


identify heat and slab numbers 


TABLE 8.—ListT OF TEE-TYPE SPECIMENS 


Welding conditions 


Reduced $$ Tennpera- 
section Restraint Post ture of Mark 
length, Type of during heat test, (1 eact 

Trans. center section in specimen Process welding treatment deg F  requi 
Without fashion plate 72 Welded long Unionmelt one side. None None 85 203H 
Manual metal-are one 16 203) 
With fashion plate 72 tee joint side None None 85 203K 
9 903L1 
20 903 L2 
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specimens were X-raved before testing Che andthe weld metal were as shown in tab! 1 me pa 
iphs showed the cracks but were not satisla Except for higher manganese and sil content, the 
composition of the weld metal 1s very simu1l to that 
chemical analyses of the plate, the welding wire the base metal 
> 
RURGMENT 
* 
ke 
a 
4 4 
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CLOSE-UP OF FRACTURE ACROSS SHEER STRAKE 


— REINFORCEMENT 


‘ 4 
‘ NWALE BAR 


=MACHINED FLUSH 


CLOSE-UP OF FRACTURE ACROSS DECK STRINGER 


{DECK STRINGER > 


SHEER STRAKE 


PORTION REMOVED 
—FROM SHIP 


LOCATION OF FAILURE 


- Fig. 18—Details of Failure of Angle Test Specimen 
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FIRTH HARONESS 


Fig. 19—-Hardness Survey Across Weld Metal Globule ‘‘B’ 


Elen t Plate Wire Weld 
Carbon ). 23 14 ) 2 
Manganese 0.47 1.9] 
Phosphorus 0.030 20) 
Sulphur 0.038 0.029 25 
Silicon (48 OF 15 
Copper () (hs (Ww) 
Chromium * 02 0.00 
Molybdenum 0.00 02 


Resul 5 


The results of the tests are shown in Table 1 |] 

a) Specimen 203H.—The yield point computed from 
load at yield and original cross section of the large speci- 
men was very close to the values obtained from the 
coupons as shown in Table 9 

Due in part, it is believed, to the presence of cracks 
and flaws in the weld, the expected ultimate load was 


MOVED 
ALMOVED 
BEFORE 
AFCEIPT 
SAMPLE 
SURE 
SHEER 
STRAKE 
OIRECTION 
OF CHEVRON 
PATTTAN 


Fig. 20—Segment of Actual Fracture of Great Lakes Ore 
Carrier (View X-X of Fig. 15) 
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General Views of Tee Specimens 


not sustained Failure took place before much e! 
tion had occurred. 
The square fracture shown in Fig. 


2401S typi. 


failure. The chevrons point to the weld as the 
fracture. 
b) Specimen 203/.—The yield point obtaine 


this as well as all the other specimens in this seri 
very close to that of the coupons. Elongation w 
tively less than that of regular tensile tests 
The sharp square fracture can be seen in Fig. 25 
c) Specimen 203K 


O- 


Fig. 22—-Details of Welded Tee Joint Specimen on Heavy S! 
Plates (with Fashion Plate) 


This specimen was fitted wit! 
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TABLE 9. 


PROPERTIES OF PLATE MATERIAL USED 


Ladk Check | Lad! Check 
0.24 0.23 0.19 29 
Tensile data Individual specimen result 
[ype of specimen Standard Standard Standar Standard 
0.505 in plate 0.505 plate 
diameter diameter 
Proportional limit, psi 27,960 29.000 
32,450 
Yield point, ps! 28,460 34,060 
33,450 33,700 
ltimate strength, psi 64,910 64,840 R206 
64,670 64,050 6! } 
ngation in 2 inches, per cent 34.0 
34.0 15 
Elongation in 8 inches, per cent 29.0 97.5 
Reduction in area, per cent ‘ 57.4 55.2 53.3 
58.6 55.8 92.0 
Fracture l4 cup cup cup \ngular 
Cup Cup cup 
Charpy impact Temperature of test. +70 — +70 
(keyhole-notch deg 
parallel to plate Individual values 21 22 3 3 2% 9 
surface) 24 23 2 | 2 95 2 
23 23 9 3 22 2 
Average value 23 23 5 3 2 2 
n plate,’ and failure occurred at the toe of the treneth inherent the mat I tur \ 
jimi the fashion plate to the sheer strak¢ Phe quare 
t failure was below that anticipated from the f Tee Shecimens in Gene t tl 
ngth of the material in the standard tensile tests pecimen 1d in the ships shou ( 
elongation was low also in automatic proces It If ; 
[he chevron patterns in the fracture clearly indicate in the required position to mak« , 
lailure started at the fillet weld attaching the fashion free from cracks Phe cracks show the tions 
to the sheer strake. in Fig. 23 are longitudinal 1, at the d 
Specimen 203L2.—On the contrary, this speci- throughout their lengt hould affect trength of 
en, which also had a fashion plate, developed a good the specimen as a whole but littl However re 
ngth and exhibited moderate elongation, and failed good reason to believe that such crac! lo not ret 
weld flaw completely away from the fashion plate. longitudinal; that they may | tributaries which 
€ Iracture was square with the chevrons pointing to branch out transversely. Such transverse tributaries 
weld flaw as the origin of fracture. This specimen  ¢ tituting exceedingly sharp e 1 
ide to replace specimen 20311. tiated failure of many of the specin eri 
ope imen 2O03L1. This specimen contained a (One specimen t} ishion ] lat r thie t 
rge weld void which so weakened the structure that of attachment; the companion specimen did not. It 
ure occurred outside of the reduced section, und, aside believed that the pel ince Ol it te ( 
the yield point, the structure did not exhibit the ustify the attachment of fashi t { 


TABLE 10.—DETAILS OF MAKING LONGITUDINAL WELDS 


Electrode data 


Specimen Bead No. - Current, 
mark Process (see Fig. 22 Brand Size, in. volts amps. 
203H { Manual shielded l Fleetweld 5 539 28 180 
<03J | metal-arc 2 Fleetweld 5 34 6 30 210 
2U3K Unionmelt Oxweld 36 ¢ 10 19502 
203L1 Manual shielded 4 Fleetweld 5 346 30 180 
203L2 metal-arc 5 Fleetweld 5 34 6 30 180 

* Speed = 10 inches per minute. Grind of melt = 20-D. Electrode tilted 30 degrees from vertical. 
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4 to heavily stressed members, by fillet welds, and that the 
a behavior of the former is a better indication of the per 
? formance of such designs. It should also be noted that ‘ 
a during the testing the small fashion plates bowed to a 
AS great degree. Had the plates been larger, as was the 
‘ case on the ship, such bending would have been pra 
tically impossible and their harmful effect undoubtedly 
would have been greater. It should be further remem 
bered that the stress concentration inherent 'in this de 
sign feature would have caused worse results in fatigue 
than in static tension 
Testing Short Flat Plate Specimens 
Z General Dese rip tion of Specimens 
a \ general view of the specimens is shown in Fig. 26 
In the upper view one 1s depicted with the brine tank in 
7 
| Fig. 24 Face of U1 
OF election of width was a lucky one because 
? AIR BEADS J fect balance was obtained between everal po 
— Of lature 
The details of the spe ire show! 
CRACK 
4 
Fig. 23—-Macrographs of Welded Joint 
place and in the lower view, one for atmospheric tet 
perature testing It will be seen that the reduced se« 
tion 1s very short and relatively wide Chis was don 
to cause lateral restraint of flow in the material Phi 
heavy end connections 4 in. thick were, of course, so 
rigid as to be practically undeformable in the test. The 
re original specimens were made 32 in. wide, but it wa 


found that failure often occurred at the toes of the fillet 


welds attaching the 1|'/,-in. plates to the 4'/-1n. thick 


end connections, showing that we had brought about 
such tension concentration that we could not cause the 
specimen to fail even in the greatly reduced 
. Accordingly in subsequent specimens the 
= tion width was made 24 in. 


section 
reduced 


It was later found that this Fig. 25—Fracture of Specimen 203] (Tested at 
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ral view of a specimen in the brine is shown in Fig up stress, the short specimens were welded in two ways 
. he list of the specimens weldedjis given in Table 12. those which are marked as having been welded with no 
rder to determine the effect of transverse, locked restraint had the 1'/,-in. plates welded together when 
ABLE 1] SUMMARY OF TEST RESULTS 
WITHOUT SHIOt ATE 
SAI WITH FASHION PLATE 
FNERAL CONSTRUCTION DETAILS PLATE 
- 
a 
|. z| (Bal 
“| I = 5 
- ai = 
APPEARANCE OF 3 uC 
<a 
COMPLETION OF TEST ra 
>< 
<a 
az 
i 
4 
SPECIMEN MARK 203/ 203K 2031-2 
TEMPERATURE OF TESTING (°F) 16° 9 20° 
MAXIMUM WARPING AT START OF TESTING (INCHES) | © 8" -TRAN 
TREATMENT AFTER WELDING NONE NONE NONE N NONE 
7 74.000 663,000 673,00 732,000 
YIELO POINT FROM | | | 
CURVE Psi 33,700 33,700 33,600 33,4 35,200 
673,000 — 66 3,00C 
GENERAL CRACKING OF MILL SCALE | | 
(YIELD POINT) | psi 33,700 33,600 
LB | 1,176,000 | 1,092,000 110,000 959,00C 340,000 
MAXIMUM LOAD — T ] 
PS! 58,900 54,650 56,20¢ 47.70 64,400 
ere: - —- - + + + =e 4 
INCHES "3.62 4 40 
TOTAL ELONGATION | We... | | 
TWEEN GAGE POINTS oy : 
BE eC PERCENT 5.03 4.69 4.01 95 9.70 
AVERAGE REDUCTION |_ CENTER 4% 027 =2.24% 028 =233 % O15 24° 064"=5.14"% 
AT FRACTURE 049°=4,.08% O3!'=2.58%! 039=3.25% 020=1.67% 070"= 5.63% 
+ + + + + 4 
REDUCTION IN WIDTH | CENTER 72" 36% i2"=1.51% | 13°=1.66% 05"=0.63% 343°=4,.28% 
— + - + + + ; 4 
F SHEER STRAK 
OF SHEER S E | at FRACTURE 272=3.42% 167% 2.09% 157% 1.97% 375°= 4.69% 
REDUCTION IN WIDTH |_ CENTER 72 Be 4°= 1.34% 233"=2.67% 5 6.35% 
AT FRACTURE 148=1.72% | OS5I'=0.59% 110"= L27% @ 6.29% | 
AVERAGE OF ; 
» |.8420°=4.22%| .6850"=3.43%)| 4990"=2 52%) 
REDUCTION IN AREA | | | 
AT FRACTURE /|1.2990"=6.5'%| 7780"=3.89%| 7180"=364% @ 2248°=10.82% | 
| 
LONGITUDINAL EFFICIENCY | PERCENT 91.3% 84.8% | 87.2% 74.2% 102.3% 
rf measured 
roke outside reduced section at flaw in Unionmelt w 
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ao TESTS OF HEAVY WELDED PLATES 211- 


> 
wf. 
4 
j 
. 
i 
7 
, 


TABLE 12.—LIST OF SHORT 


Reduced 
section 


length, Type of 


in. specimen Process 

6 Virgin base None 
metal 

6 Welded long Unionmelt one 
butt joint side. 


Manual metal-are 
one side 


4 hours; furnace cooled. 
2 inches wide. 


they were perfectly free to move before attaching them 
to the end connections. Those that were marked to 
have the ends rigid had the two 1'/,-in. plates welded to 
the heavy end connections before the longitudinal weld 
was made. It is doubtful if any more restraint can be 
found any place in ship construction 
than is provided by the heavy end 
connections used in this test. 

It will be seen, therefore, that those 
specimens which by virtue of their 
short length, great width and rigid 
attachment to heavy end connections 
provided a maximum transverse re 
straint of flow, and had their longi 
tudinal joint welded after the end con- 
nections were attached, and were 
tested at low temperature, had 1m 
posed on them about as adverse con 
ditions as we could contrive and yet 
have a specimen that would giv 
quantitative values of strength and 
elongation. 


Material 


In Table 15 are given the complete 
chemical analyses and standard tensile 
properties of the steel used in these 
tests both in the as-rolled condition 
and in the stress-relief-annealed con 
dition. It will be seen that this heat 
treatment lowered the ultimate tensile 
strength and yield point in almost all 
cases by several thousands of pounds 
per square inch. This is generally 
true of stress-relief-annealing. Ductil 
ity was in most cases increased by 
this treatment. The notched-bar 
impact values at —20” F. are uni 
formly low whether in the as-rolled 
condition or stress-relief-annealed. 
Fabrication of Specimens 

Che fabrication of the specimeys 
was similar to that described pre 
viously. The details of the welding 
are shown in Table 14. The longitu 
dinal welds were made both before and 
after attaching the plates to the end 
connections as described previously. 
A certain amount of hand welding 


FLAT PLATE TYPE SPECIMENS 


Welding conditions 


Temperature 


Restraint Post of 
during heat test 
welding treatment deg F 
None 
1150° Fe 68 
20) 2 
None None 75 
18 
Ends rigid None 75 
18 2 
1150” F¢ 85 2 
17 


needed to be done in the root of the longitudinal wel 


endsin order to ensure asound Unionmeltweldattl 


The results of the tests are shown in Tabl 
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Fig. 26—General Views of Short-Plate Specimens 
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TABI 
An a ly 
Car 
Ma 
Ph 
Sul 
Sili 
Co: 
Ni 
Ch 
Mc 
Plate 


Type 


Viel 
Ultis 
Elon 
Elon 
Redi 


Indi 


a7 
3 
Results 
— 


m original tests made on the 32-1n. wide specimet! ypecamen 2O3-4( \gain ft 

exception of 203-6 are not included therein bs point of the large specime1 

ilure occurred outside of the reduced sectio1 Ct J 


operties of the material were not called into greater than tl 


t I 
Specimen 203-3C.—Specimen 203-3C is the basi probably due to the fact 
specimen of the series; that is, a virgin plat 
tested without postheat treatment of am (,ood elongation v btait 
I 
uninal yield point value, as determined by the legree of lateral 
1d-movement curve and by the cracking of le, Fig. 29, and as 1s indicated by the 1 r 
nsiderablv lower than that obtained from the cou- valu 
ndicating nonuniform stress distribution Fracture wa Imost identical 
strength developed was about the same as that of vious specimen squar er most vit ll 
upon resulting in a longitudinal efficiency of about ection a shear failure at the center v re 1 um 
thi rred 
elongation of 26.8% would certainly seem to be Spe en 20 i Phi f-ar led 
od, but it must be borne in mind that this elonga pecimen exhibited a yield point al t t that 
not strictly comparable to the standard elongation obtained from its 
obtained from the coupons. Little observabl The large pecim howevet A iderably 
| necking occurred as will be seen in Fig. 29 and _— stronger than its coupon, resultir 11h inal 
the comparison in Table 15 between the average re- efficie1 
n of area and that at the fracture, but it may be The elongation of 36.7 wa 
ned that most of the reduction in such short speci The fracture was most interesting hown in 
is local necking. A square fracture was obtained Tis 0 [t will be seen that shear failure, bot ingle and 
st of the area but a small portion at the center double, occurred over most of the area wit mall 
da 45° double shear failure portion of square fracture Phe tl t the center of 


TABLE 13.—PROPERTIES OF PLATE MATERIAL USED (FOR WIDE PLATES WITH SHORT GAGE LENGTH) 


Analysis Ladle Check Ladle Check Ladle Check 
0.2 | 0.25 0.26 | 0.19 0.22 
Manganese...... 0.44 0.43 0.46 0.42 0.41 0.44 
0.019 0.019 0.016 0.020 0.018 0.022 


Chromium..... 0.00 0.00 0.00 
Molybdenum..... 0.00 0.00 0.01 


Plate condition | Stress relief Stress relief . Stress relief 


Asrolled | annealed As rolled annealed As rolled annealed 
Type of tensile specimen Stand -| \Stand -| Stand -| Stand - Stand- Stand 
| ard | | ard | | ard | ard | ard ard 
| 0.505 |Stand-| 0.505 |Stand-| 0.505 |Stand-| 0.505 |Stand-| 0.505 |Stand-) 0.505 Stand 
lin. di-| ard jin.di-| ard |in.di-| ard | in. di ard in. di ard | in. di ard 
lameter| plate |ameter| plate |ameter| plate |ameter| plate |ameter| plate |ameter| plat 
Yield point, psi 35,950 |32,420 |36,075 |31,060 |29,960 |37,110 |31,830 |29,610 |31,450 |34,590 35,825 28,920 
| | | 31,480 | | | 29,500 |31,700 | 
Ultimate strength, psi (63,030 68,240 |66,280 |61,000 |66,530 |67,800 |64,790 60,700 |66,900 \63,970 '63,035 |55,300 
59,650 61.260 |65,900 | 
Elongation in 2 inches, percent} 34.0 | .. | 33.8] .. | 32.0 34.0 30.0 35.0 
| | | 31.5 
Elongation in 8inches, percent} .. | 23.2 ~ 24.0 29.5 27.5 32.5 
| 34.5 | 38.2 
Reduction in area, percent | 58.6] .. | 56.7 | 56.7 | 53.4 98.0 | 57.3 | 53.3 , 09.3 | 58.9 
| | 56.7 56.0 52.0 
Individual fractures lo cup) Cup |% cup|% cup/34 cup|'4 cup|4 cup!Angu- cup|Angu- 
cup 6 cup|Angu- cup $4 cup\|Angu- cup) lar cup) lar 
lar | lar 
Used for specimen marked | 203-6, 203-8 | 203-5 203-1 203-7 203-3A 
203-9, 203-10) 203-2 203-4A 
203-3C | | 
203-4C 
Charpy impact |Temp., deg F} +70 | —20 | +70 | —20 | +70 | —20 | +70 | —20 | +70 | —20 +70 | —20 
(notch normal|Indivudual 22 2 26 2 10 2 
to plate sur-| values 2: 2/10); 2 19 | 2 | 23 2 25 2 q 2 
face) | 2 ge Se 9 | 2 
\Average 24 2 is: i-38 | 2 | 21 | 2 | 24 2 9 2 
values | | | | 
194 
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Fig. 27—Details of Short Longitudinally Welded Plate Speci- 
mens (24 In. Wide) 


the specimen is particularly noteworthy. It was diffi 
cult to explain how such differential elongation could 
exist until the thickness survey was made on Specimen 
203-4.A 


d) Specimen 203-4A Che nominal yield point was 


slightly higher than that of the coupon Che nominal 
ultimate strength was considerably higher, giving the 
highest longitudinal efficiency in the test Most of the 


increase in strength is probably due to the steel being 
stronger at low temperature 

The elongation, though somewhat less than that of 
the previous specimen, as would be expected, was ex 
cellent. 

The fracture shown in Fig. 30 was square over most 
of its area except for the center portion where a shear 
failure occurréd in way of the extreme elongation 

A thickness survey was made of this specimen with 
the results shown in Fig. 31. The curves shown aré 
contours of equal percentage reduction of thickness 
It will be seen that there was a pronounced thin zone 
extending diagonally across the specimen in one dire 
tion. This indicates the tendency to fail by shear at an 
angle to the axis of the specimen but failure actually 
occurred in the center and otice started progre ssed across 


the specimen in the usual square manner Phe diagonal 
thinning extended to the edges and created secondary 
necking away from the fracture Chere was also pro 


nounced thinning at the end radi. This necking at th 
radi and the secondary necking near the fracture, com 

pensated for the thinning at the center, enabling the 
specimen to be elongated as a whole Chis mode of de 

formation and failure indicates the almost perfect balances 
that obtained in these specimens between the liability of 
failure at the toes of the welds joining the specimen to 
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the end connections, at the radu, and at the center: 
specimen 

e) Specimen 203-8 Che nominal yield poi 
tained trom the specimen were somewhat higher th 
secured from the coupons, and were higher thar 
of the large virgin base metal specimens. 

Che nominal ultimate strength of the welded spx 
was about the same as that of the virgin base 
coupon, giving a longitudinal efficiency of almo 
ictly 100%. 

(Good elongation was obtained, 23.6% as contr 
with 26.8% of the control specimen. Only a 
amount of lateral necking occurred as can be sé 
Table 

The fracture is shown in Fig. 32. It will be see: 
the tendency to thin at the center has been almost 
pletely stopped by the presence of the weld meta 
the heat-affected zones In Fig. 14 it will be see 
in general, a welded joint area has higher yield 
and strength values than the surrounding bass 
Chis would account for the lack of thinning at the 
of welded specimens 

A large ‘‘fish-eye’’ was found in’ the weld 
These are often found in weld metal and, if they ar 
near the surface where they can start a tear, ar 
particularly harmtul Incidentally, this was one 
few welded specimens in the whole test that failed 
an almost complete 45° shear fracture. 

In Fig. 33 1s the load head-movement curve 
specimen. It 1s typical of those 1n this series 

f) Specimen 203-10.— The performance oi thi 
men 1s very similar to that of the preceding except 
somewhat higher strength and less elongation wer: 
served in this colder steel] 

The fracture as shown in Fig. 32, however, wa 
different, and was a square sharp break, The ch 
patterns point to the weld zone as the origin of failure 

g) Specimen 203-6 This specimen although 


wide did not fail at the toes of the connecting fillet 
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Fig. 28--Genera! Testing Arrangements (Tank Omitted 
Room Temperature Tests) 
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ompanion accordingly the results are u 
ed herein ev though they are not strictly con 
le with the 24-1n. wide specimens 

f vield por t obtained from the head 

nent curve 1s probably more correct than that u 
ted by the cracking of the mill scale Che torm 

than that of the coupon The computed ult 

th was slightly | 


ting ‘that the added tran 
unt bv welding it last, has 
e elongatiot the specime 


TABLE 14. 


Specimen 
mark 
203-5 
203-6 
203-7 
203-8 
203-9 
203-10 


Process 


metal-are 


Unionmelt 
peed = 4% inches per minute. 


ration wa bout half that of 


Manual shielded l 


5 
20 
- 


cation and Appearance of Fracture Specimens 
203-3C and 203-4C (Unwelded Plates) 


verse stress, locked 


had a considerable 


n Little necking eit! 


Bead No 


(see Fig. 27) 


Grind of melt = 20 X D. 
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Electrode data 


Brand 
Fleetweld 5 
Flee tweld 5 
Fleetweld 5 
Fleetweld 5 
Murex cresta 


Oxweld 36 


Size, in 


~DETAILS OF MAKING LONGITUDINAL WELDS 
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re Fig. 30—Location and Appearance o! fracture 
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; id 03-9.—The apparent yi int was i | 
4 é 
1 203-8, | connectior ' that 
111) 11) that nt; ini t, it I I 
th the tremendous sti 
9) 32. 29 
2 16 = 
3 13 9 26 150 ig 
5 ly 35 300 
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Tal le 


Column Number l 


2 
Type of Specimen Unwelded Plates 
Heat Treatment None (As-Rolled tre Relief Anne 
End Restraint 
Specimen mark 203-3¢ 203-41 203-34 203-44 
Temperature of testing I 7 2 68 
Yield point from head 
movement curve 
) 28 OD 29 800 OOM 
Lb 858,000 0 
General cracking of mill 
scale (yield point P 28 Gi 
Lb 1.999 OF 2 j ) 1.822 0 6.0 
Maximum load 
I 7 ) 61.8 
4 
Elongation between Inche 
gage pomts 
Per cent 6.8 2 7 
pout 
Reduction in thick Average 0.245 in is 0.302 in «46 in 
nes at 19. 24 
lractur 
Ma at ) 384 
cente 
fractur 
\vera S16 in Ss 5 
at ga 7. Of 7 7 
Reduction in width acai 
At ) 2 Th te 
acture } ] 1.33 
it 
9 
Reduction in area 
era 7 7 sq 
fract 2.4 5 
Le di i y 
ent 
“a T 


* Fracture outside 


reduced section in hea 


been set up by the deliberately wrong procedure of weld 
ing 

J) Specimen 203-5.—-This specimen is the companion 
of 203-6 except that it was stress-relief-annealed to re 
move locked-up stress put in by the welding. 

An apparent yield point slightly more than that of 
the coupon was obtained and also more than that of its 
companion 203-6. Again it ved that the yield 
point by the cracking off of the mill scale is not as cor 
rect as that obtained from the head-movement curve. 

The strength of the specimen is slightly in excess of 
that estimated from the coupon test giving a good longi 
tudinal efficiency. 

The elongation its the best in the series exces ding that 
of the virgin base metal stress-relieved. The fracture 
was square and sharp and the necking moderate as in- 
dicated by the reductions of area in Table 15. This test 
shows that whatever harm had been done by the im 
proper method of welding was certainly corrected. 

(k) Specimen 203-7.—The performance of this speci 
men was very similar to that of the preceding. The 
apparent yield point was almost equal to that of the 
coupon; the strength, however, was much greater r¢ 
sulting in a high longitudinal efficiency. 
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TABLE 16.—List oF LONG FLAT PLATE SPECIMENS 


Welding conditions 


Re ed —~ Temperature 
cection Restraint Post of Mark 
length, Type of during heat test, (1 each 
in specimen Process welding treatment deg | required) 
128 Virgin base None None 85 203-11B 
metal 2] 203-12 
1150° Fe 85 203-13 
20 203-14 
128 Welded long. Unionmelt one None None 80 203-15 
butt joint side. Manual 2 203-16 
metal-arc one 
side 
1150 F. 44% hours; furnace cooled. 
fhe elongation, though considerably less than that of 2800 
ompanion at 85°, is very good indeed. o¢ 
[he fracture was square and sharp with very little 
necking so far as can be seen from the reductions of area icles — 
lable 15. OV T | 
Short Flat Specimens in General.—It will seem _ 
the foregoing that great increases in elongation oe 
from stress-relief-annealing in both virgin base 
etal specimens and in the welded ones. It would ap er -. @ | 
near, therefore, that, if we could stress-relief-anneal OV 
g 1600) | 
cr 
ey | 
| 
| | 
| | 
| | 
Fig 33 I -(Head-M ement) Cu tor n 3 
(Welded Unrestrained Condition Test Welde 
st 7 F 
tter weld) we ré 
proper weldu é We ve 
correct the tche Caust b le 
by work 
pat I ite ill our efforts t t 
restraint flow, | tre 
great t we wert le 
Pee men t il in the britth 
racture d practically no el 
. ise with the shi 
le Che performance of the wel 
in comparison with that of the base 
be 
J Be. ze 
Testing Long Flat Plate Specim: 
irk 203-8 203-10 
traint No None 
treatment None as-welded None as-welded Chess en ens have , 
j. 32—Location and Appearance of Fracture Specimens Ol 24 11 la thi Css OF 1 
203-8 and 203-10 ti l area to be broken of 30 sq. u id 
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Fig. 34—-General Views of Specimens Before Testing: (Top) Base Metal Specimen 203-14; (Center) Welded TAI 
Specimen 203-16; (Bottom) Specimen with Brine Tank Attached 
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the virgin base metal specimen 16 re Ve] 
on the welded specimens about ‘) SU Tl § { were 
plied The strains were me ired bot! nally 
md transversely or e 
Fig yf Lhe b ] wert ( ) 
the wi to be arranged 1 lost 
t] es had e | t erst 
wave mothe wi t] VC! 
the tee] ( | 
1 I of the bloc woul be ident ‘ the 
In Fig is show é t { 
with the leads « nected t e st | 
instrument 1s cay] ible é ul 
1 re that 1 lh he 
The tr gage stu i ‘ d 
there has not been sutlicient time to plot an nalyze the 
results so that it will not be po le t nclude any of 
these data in this paper Ii deemed desirable, the 
plete strain gage analyse of all the lot pecimel 
3 a few of the short ones can be reported 11 later paper 
\ list of the specimens teste is givenin lable 
(py 
3 Fig. 37—Refrigerated Specimen Showing Attachment of Gages In Table 17 are given the me nical properti t the 
to Indicator steels used 1n making these large speci It will be 
een that the characterists t 
nections each specimen weighs about three tor similar to those of the previou rie 
General views otf the specimens betore testing are shown 
Che details are givenin Spe 
to the fact that the elongation of such a long The tabrication of the 
en might he on the order of 30 1n.. it w not po lescribed previous] ; 
to use the flanged type sheet metal expansion joint both the top 
he brine tanks tor low temperature testing \ led and ground t mooth fini t] 
gly canvas expansion joints were used, as can be previous specimens it 1 be 
eeded cool the specimel 
ecimens ha Baldwin Sout 
Corporati » electric strain gage ttache () enlarge irrows 


d TABLE 17.—PROPERTIES OF PLATE MATERIAL USED FOR WIDE PLATES WITH 128-INCH GAGE LENGTH 


Specimen mark 203-11B and 203-12 203-13 and 203-14 2 yand 20. 
Analysis Ladle Check Ladl Check Ladk Check 

Carbon 0.25 0.26 0.25 Q.2 24 

Manganese 0.44 0.42 0.39 0.44 is ) 46 
Phosphorus 0.016 0.020 0.024 O. OLS 
Sulphur 0.039 0.039 0. O37 1] }] 


Copper 0.00 0.02 0.02 
Nickel 0.01 0.02 0.02 
Chromium 0.00 0.05 
Molybdenum 0.00 0.00 0.00 


Plate condition As Stress A Stress As rolled 
| rolled relief rolled? relief 
| annealed? annealed 
Standard Standard Standard Standard Standard plate 
plate plate plate plate 


Type of specimen 


Yield point, psi 37,110 29, 560 35,970 32,960 37. 280 
Ultimate strength, psi 67,800 60,980 | 67,140 62,540 68,580 
Elongation in 8 inches, per cent 24.0 33.9 20.2 30.7 26.2 
Reduction in area, per cent 56.7 54.2 


Fracture | le cup Angular Angular Angular Angular 


Charpy impact (notch | Temp., deg F +70 | —20 | +70 | —20 +70 - 20 +70 20 
normal to plate sur- | Individual values | 8 | 2 19 2 | 28 2 26 
face) | 19 i BA 27 2 22 
| 18 2 | 22 si - 27 2 26 3 
Average values | 15 | 2 i 2 2 28 2 25 


“ Shown for comparison only. 


RIL 1945 TESTS OF HEAVY WELDED PLATES 219-s 


ai 
od 
> 
‘eh 
‘ 


TABLE 18.—DETAILS OF MAKING LONGITUDINAL WELDS 


Specimen 
mark Process Bez 
203-15 { Manual shielded 
203-16 metal-are 
| Unionmelt 
Speed = 8 inches per minute. Grind of melt 
3 The technique of applying the strain gage 


Electrode data 


id No. Brand Size, in. volts 
] Fleetweld 5 589 26 
Fleetweld 5 32 
3 Oxweld 36 l4 35 
290 D 
s will not be mens 203-11B, 203-12, 203-15, and 203-16 are f1 


described at this time because that can be better handled same heat .and the same rolling and probably 


with the strain gage analyses 


Che welding details are given in Table 1S. 


mate fairly closely the results which would hav 


obtained from the same plate. 


Kight-inch gage lengths were center-punched at in The proportions of the large specimens, 128 in 
tervals throughout the length of the specimen so that length by 24 in. width, were selected to give th 
the elongation in 8 in. could be secured after fracture width-length ratio in the reduced section as an 8 


Resulis 


rhe results of the testing are shown in J 


|'/o-in. standard A.S.T.M. flat plate coupon. Whi 
length-width ratios of the two are the same, the 


able 19, and __ thickness ratios of 24 in 1'/, 1m. and 11/9 in.: 


. the subsequent figures. are quite different. The large specimen has the pr 
[It was originally intended to have the direct com-_ tions of an 8- & & °/g4-in. coupon. Anoth 
: parison between a coupon cut from the same piece of ference between the large specimens and the cou 
: plate from which the specimen was made and the large that the latter tests but a small portion of th 
: specimen itself. Due to a mistake in the laboratory, whereas the former embraces a large part of th 
certain of coupons were destroyed with the result that section of the ingot. The comparison between th 
we do not now have the direct comparison between the _ sile test results of the coupon and those of th 
large scale specimen and the coupon from the identical specimen therefore gives the relation between 
plate. The coupon results shown in Table 17 for speci- sample obtained from the cut-out portion of a larg: 
TABLE 19.—SUMMARY OF RESULTS ON LONG PLATE SPECIMENS 
Type of specimen Unwelded plates Longitudinally Welded 
Joints 
Heat treatment None (as rolled) Stress relief annealed None (as welded 
End restraint None 
Specimen mark 203-11B 203-12 203-13 203-14 203-15 205 
Temperature of testing, deg F 85 21 R5 
Yield point from head- 837,000 887,000 914,000 992.000 862,000 903, 
i movement curve psi 28,200 29,800 31,100 33,200 29,800 31,2 
General cracking of mill 1,300,000 990,000 903,000 
scale (yield point) psi 43,700 33,800 31,200 
Maximum load {lb 1,833,006 1,898,000 1,826,000 1,923,000 1,790,000 1,806, 
ie \ psi 61,600 63,800 62,300 64,500 61,900 62 
Elongation (In 128finches 27 .344 29.241 24.938 29 . 807 28.538 11 
between gage} in. )\per cent 21.4 22.8 19.5 23.3 22.3 8.9 
points )In 8 inches 4.450 3.530 +. 126 2.963 
in. \|per cent 55.6 44.2 51.6 37.1 
© Average in re- 0.124 in 0.125 in. 0.106 in. 0.133 in. 0.122 in. 0.053 in 
| duced section 10.00% 10.09% 8.65% 10.70% 9.91% 4 29' 
Reduction in Average at frac- 0.290 in. 0.294 in. 0.335 in. 0.254 in. 0.215 in. 0.064 in 
thickness ture 23.39% 23.73% 27.35% 20.43% 17.48% 5.19 
Maximum at 0.358 in. 0.403 in. 0.450 in. 0.413 in. 0.252 in. 0.073 in 
i fracture 28.88% 32.53% 36.75% 33.23% 20.48% 5.92 
4 (Average in re- 2.264 in. 2.278 in. 1.945 in. 2.370 in. 2.127 in. 0.881 i 
ee Reduction in j} duced section 9.47% 9.47% 8.13% 9.88% 9.06% 3.76 
tal width |At fracture 5.081 in. 4.161 in. 4.178 in 4.545 in 3.482 in. 1.011 
Se | 21.20% 17.31% 17.45% 18.95% 14.85% 4.31 
Average in re- 5.569 sqin. 5.543 sqin. 4.718sqin. 5.821 sqin. 5.223 sqin. 2.283 
3 Reduction in ] duced section = 18 15% = 18.619 = 16.06‘ D = 19.537 = 18.08% 7 
area Average at frac- 11.846 sq in. 10.999 sqin. 11.749 sqin. 10.587 sq in. 8.586 sq in. 2.684 
ture = 39.90% = 36.93% = 40.10% = 35.527 = 29.73% = 9 
Longitudinal efficiency, per cent 90.9 94.0 99.6 103.1 90.2 O() 
Fracture Single 45 Double 45° Irregular Square Square Squart 
Single 45° double cup Single 45 Single 45° 
Square* Square* Double 45° 


* Top and bottom of plate 


220-s 


Square* 
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large cross-sectional area containing the 
n of the ingot. A-A 
paris between the elongation in S in 
pecimen and the elongation in 8 in. in thi =owW : 
t at all correct, because in the small pect A oy A 
pA 
length included the necke port Ol 
en as well as unnecked portions outside, x T = ———___ 
Fracture 
the large specimen, the S8-in. gage leneth w u 
inside of the necked and greatly el ted 
Section B-B 
men 203-11B.—It will be noted that th 
ecured the large Specimen W lower than 
2ection C-C 
( the small. This may be due in part 
that a very small vieldu y, Say inl 1S 
rent with the pointer of the large machine 
mount would represent a very small unit strain Fig. 39—Contours of Eq 11... “I ;' ' 
ivided by the long gage length of 128 i Iso it ie 
due in part to the fact that nonunifor tre 
ition will lowe1 yield point ilu ( 1det ‘ 
nominal ultimate strength obtaine the pat the reducti 
pecimen was considerably less than that the obser the tu | 
This is reflected in the relatively low k ry how er, W not a rea that 
efficiens btained In view of the uncertaint ind was of ir 
COupo! Strength, perhaps the pest ( In | ‘ 
ler the circumstances 1s that the longitudinal [It will be seen that there 
f the large specimen seems to be ewhat ‘ t the fractur lat 
‘ e s} rt wide ‘ ‘ 
i! t he rve Speci CO reac ad ] edges 
rably with that of the ) n be va 1 the fracture occur 
he el gation in im thie curve flow exhibit | 
ré { can be see t] ecti 
e itudit ‘ 
‘a 
S pe ] \ eT t w 
I ecinit Ve! 
1 é ‘ Iso sé ‘ 
( eel w tt 
Phi er-all elo re 
t ted | | ‘ ‘ ‘ 
- Ph ture 
eS big, 40 i view of the « | 
a 
- nows the thi Vil the If 
Cp, en 20 | t] tr 
virgin base metal specimen the { 
i ile tests wert bt ine t] 
direct comparison between the le 
be, 
pecimens is possibl 
ae The yield point is in ven od agi t wit 
tre the « pol It will al ed 
iewl Lt ] that Dt 
- I ea speci 
* 
Che ultu ul th 
| 
T 
Lint } Int 
ty 
i ,one as roll ea ce ‘ ‘ { the 
38—Location and Appearance of Fracture Specimens OU 
) 1 } sar} } } 1 } } ‘ 
203-11B and 203-12 lengths which had been punche 
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: welded specimen, however, j 
¢ erably less than those of 1 
metal specimens [his 1s 
i to the fact that the weld 
| vented excessive thinni 
center ind caused a Hpetter 
¥ ution of elongation over thi 
This is also illustrated in th 
; : degree of necking as evidet 
: 
the reductions of area in 
Che fracture was irregular 
Chis specimen contained 
through’; that is, a short 
where the heat of the Uni 
: welding was so great that 
metal poured through and left 
Fig. 40—Thinning of Edge Away from Fracture Specimen 203-12 tites on the bottom Thess 
ground off and the automat 
; the elongation in the S 1n. including fracture was not ob 
tainable 
s The fracture was irregular and the degree of necking 
Es about the same as that of the preceding specimens as 


~ 


can be seen by comparing the reductions of area. 


d) Specimen 203-14 Che apparent yield point was 
very close to that obtained from the coupon but slightly ———— 
higher than that of the corresponding Specimen 203-13 pT / | 
Good ultimate strength and longitudinal efficiency ft f f in | 
were found. 
he elongation in 12S in. was good when compared y, / / 
2 with the other specimens in the series The necking / evi 
was similar to that of the preceding specimens as can be y/ 
; seen from Table 19 LA 
Fracture was irregular. Jif 
e 2035-15.—Comparison with Table 17 
will again show that the yield point and ultimate tensile OE / F 
strength obtained from the large specimen were consid 
erably less than und tor the \ rela 
tively low longitudinal efficiency results Fig M Curve for Specime 
he elong tion in in. of 22.5%) obtained from W, an F) 
welded specimen 203-15 compares very favorably with 
the elongations obtained from any of the large virgin 
base metal specimens Che elongation in S in. of th run over the area aca Flaws existed in th; "\ 
wn by the radiogr iphs, but thev were not ‘ 
ki character as to cause failure in thi particul 
; ind tracture occurred at considerable distance 
3 the “burn through 
odically dropped back to practically zero (50,001 
i © that permanent set readings could be taker 
J | plete load head-movement curve of specimen 203 
J hown in Fig. 41 Che portion of the curve withi rs 
; : lightly beyond the yield point is shown with a mag 
ae /| ibscissa scale in Fig. 42. The various points at 
the load was dropped are numbered 
Al | [In regions about one-quarter of the length fro 
All | end of the welded specimen, the re‘nforcement 
| hand welds was ground off for lengths of about 
Chis was done by the X-ray technician in order 
* | prove his radiog1 iphs The specimen thus had tl 
- aie | injorcements on the hand welds over the major por 
a of its length but there were two areas where th 
a lorcements were ground off Chis in effect provi 
specimen with hand weld reinforcements both 
off 
: nue Failure occurred at the portion of the specimen v 
_—- the reinforcements on the hand weld were in place 
‘ at the other end of the specimen where the hand 
ne was ground off, the condition shown in Fig. 43 obta 
: Fig. 41—Complete Load-(Head-Movement) Curve for Specimen Here it will be seen that the hand-weld metal ha 
4 203-15 (Long Plate Specimen Welded in Unrestrained Condi- hausted its ability to elongate before the surroun 
tion and Tested As-Welded at +80° F.) base metal showed distress Che weld metal is fracti 
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WELD METAL ull specimens was above the strength 
requirement the A bureau 
Shipy wer: 
ed alt h 1 general 
ré mewhat ( those of 
lt the laroe 
tne te! f 
lows It th ionship 
Vet wi | 
It t hie solute 
nes for the el tiny 
Lal | cf ul r he 
utilized in servi 
he ‘ the welded 
specimen 2U that 
the co1 marative etal 
- The pecul econdary eckings 
that were 1 liested these peci 
Fig. 43—-Cracking of Hand Welding in Specimen 203-15 mens are new so far as the writer 1s 
iwart They may exist in small 
S( ile peci et mav 
throughout its length and at one point, a considerabl easily visible It would be interesting to learn if other: 
has started have observed the same phenomet 
The fracture was varied and irregul ir as can be seen 
Fig. 44 \t the outer ends the chevron patterns 
quare fractures point to the center of the specimen 
he hand weld in this case contained a large ‘‘fish 46 ~eneere 


This phenomenon is very common in weld meta 
lif the fish-eyes are not located at an edge where they 
| 


rt a tear, they are not particularly harmful 


Specimen 203-16 The performance of thi 
en wa Vel usappoimung contained by oe 
rn through’ as did the preceding specimen, but thi om 
was of such a character that it did cause premature ea: © — 
The flaw could be seen 1n the radiog: iph ind k 
revealed by sectioning after failure The weld 
tal and base metal in the area exhibited excessive “a 2 
rdness as a result of the restarting of the weld x 
The computed yield point and tensile strength were 
wer than those of the coupon The longitudinal ’ 
> 
eflcrency was about the same as that of the preceding Fr a 


The elongation was about half of that which was ‘ 
expected 


lhe reductions of area were of course small and necking 


negligible 
he fracture shown in Fig. 44 was a beautiful ex 
ple of the square fracture. The columnar structur: 
w 


of the weld metal can be plainly seen, and the chevron - Ped | 
itterns point to the weld zone as the origin of fracture . 
Long Flat Specimens in General These tests 
were particularly interesting in that they provide a com ‘ < 
parison between the testing of small coupons and that ; , q » 
the large plate specimens. As was pointed out pre 


iously, the large plate specimens contain almost the = 
entire cross section of the ingot, particularly the center +? 
tion and the plate thickness 1s so great that the steel 


not been rolled down to the small sizes which are A ‘Oh et fad 
linarily tested in bars containing the entire cross sec cts § 


on of the ingot IEW AA 
It will be seen, in general, that the performance of th« : 
rge specimens was very good indeed. Apparently low me 
ld points were obtained but it is believed that thes« Ry 13 . 
iy result from the greater precision of the large machine Heat treatment 
d to HOnUnwOrm distribution of stress Phe longitu Fig. 44—Location and Appearance of Fracture Specimens 
nal efficiencies appear somewhat low, particularly of 203-15 and 203-16 
ose specimens where there is, unfortunately, some doubt 
to whether or not the coupon was representative of the 
trength of the individual plate. However this may be, The indications are that the ri 
should be noted that the average ultimate strength of strain gage investigation will be ver 
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Supplementary Notch-Bar Tests on Weld Metal 


In order that a study of the notch-bar toughness of 
the welded joints of the entire series could be made 
supplementary investigations were conducted on the 
steel as used in the long specimens 203-15 and 203-16. 
The welding was identical with that of the large long 
speciine ls. 

Specimens were cut with the notches parallel to the 
length of the weld and transverse thereto. They were 
so located that the notch occurred in the center of the 
Unionmelt weld and also down in the body of the weld 
metal. Other specimens were so located that the notch 
came in the bond and also 1n the heat-affected base metal. 

he results are shown in Fig. 45. It will be seen that 
the notch-bar impact values obtained from various parts 
of the weld metal or of the welded joint were equal to or 
better than those of the virgin base metal at the cor- 
responding temperatures. This indicates that the nor- 
mal, sound, substantially stress-free weld metal or the 
affected base metal would, under adverse conditions 
of stress (approaching triaxial tension) be no more likely 
to instigate a crack than the surrounding base metal. 

It should be noted here that residual stresses in the 
weld metal and in the welded joint can be relaxed to a 
considerable degree by the machining and grinding opera 
tions incidental to cutting out the notched bar-specimens, 
and hence the material in those specimens is not repre 

sentative of the as-welded condition. 


heat 


General Discussion of the Complete Test 


In the complete investigation there were five welded 
specimens which were free from cracks and were not sub 
jected to restraint imposed by improper 
cedures, and were tested as 
mens had an average longitudinal efficiency of 
and an average elongation of 20.7%. 

There were also four virgin base metal specimens, 
both long and short, that were tested without stress 
relief annealing. These had an average longitudinal 
efficiency of 97.59% and an average 
It will be seen, therefore, that large welded specimens 
made of about as thick plat is 18 ever encountered in 
shipbuilding were able to sustain loads equal to the full 
capacity of the steel and undergo elongation almost 
equal to that of the virgin base metal. It would seem 
that the clue to the problem of 


welding pro 


welded. These five spect 


100.3%, 


elongation of 24.4 


the cracking in ships 


Unionmelt Weld 


WT WB 
Notch at Longitudinal Notch in Bond 
Centerline of Weld 


does not he in imadequate 
structures, per se. 

In 13 out of the 14 welded angle, tee, 
flat plate tested without 
treatment, failure occurred by 
originating in the weld. In none, however, did 
occur until after appreciable elongation had obt 
and in many cases after very great elongation ha 
secured. 

In only one property did this ordinary steel, 
has been used for years for building ships, exhibi 
low values and that was in its notch-bar tou: 
Fifty-six tests were made at 20° F. on 1!/,-i 
from seven different heats and the average notch-b 
pact value was 2.4 ft.-lb. 

In this connection, it is most interesting to 1 
Fig. 45 that the Charpy notch-bar impact value 
Unionmelt weld metal at —20° F. was equal to or 
rior to that of the rolled steel. This was true no n 
how the notch was mack Also the notch-bar i 
value of the heat-affected zone of the base metal 
likewise equal to or superior to that of the virgi: 
metal. Thus it will be seen that by this criteri 
metal in the welded joint is inherently no less tough 
that of the virgin base metal and no more likely 
stigate crack propagation. On the other hand, th: 
is far more likely to contain flaws to create 
Further the weld and vicinity high ri 


stresses as-welded. 


elongation of larg: 


short 
specimens subseque! 


a sharp squars 


contain 
steel mav be defined generalls 
without fracture, 
Toughne 
determining th 


‘Toughness 1n 
ability to endure deformatior 
larly in an adverse state of stress 
measured in many ways, such a 
of deformation absorbed in elongation or in 
Thus, there may be many indices of 
measure that is often used is the 
breaking a notch bar In a notch such as 1s used 
Charpy impact test, a triaxial state of stress exi 
below the bottom of the notch. When this test 1 
of steel, toughness might 
defined in a narrower sense as the 
absorb energy 


as a measure of toughness 
ability of a met 
fracture, when subject to t1 
in a standardized notch 


before 
tension, 
In the notched tension specimens shown 1n F1 


triaxial stresses existed at the bottom of the not 


evidenced by the high figures for strength. Wit 
dinary methods 1t was not possible to measu 
amount of the elongation preceding fracture Had 


precise means been used, undoubte dly i certain 


Unionmelt Weld Heat Affected Zone 
\ ies / 


WL WA 
Notch in Weld Metal 


Mark Wl WB WL WA 
Temp. of test (°F) +70 +20 —20 +7) +20 —20 L7O +20 0) +70 +20 
Charpy notch impact values 22° 18 15 19 18 I 19 16 2 24 19 
22 14 13 20 17 2 21 4 16 20 18 
20) 14 2 21 18 13 17 13 13 23 19 
Average 21 15 10 20 18 6 19 11 10 20 19 
Fig. 45--Charpy Impact Tests of Welded Joint as Used in Specimens 203-15 and 203-16 
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elongation would have been found. But in any most logical to search for notches whi the cau 
the energy absorbed would have been small be- of shi uiluré 
o small a volume of metal endured deformation. 
hoped in the short wide flat specimens to approach 
partially the condition exhibited in the notched Conclusions 
en, but no significant increase in nominal tensilk 
th was obtained and great elongation was secured. — 
er, square fracture over most of the area of three , Che following detailed conclusions m pavers 
four virgin base metal specimens was observed UNS test 
y cracks and failures have occurred when the 1 That good strength and elongatio: n be ob 
vas on the building ways and under no external tained from longitudinally welded joints « eavy plat 
whatsoever. In our northern building yards in in both the angle type and the flat plate type, although 
i ship on the ways with the steel at the tem- considerably less elongation occur e whi 
ure of the night before can have portions or 1ts automatically welded with the deck in thi lori 
ind shell warmed by the rising stn, while other por plane 
ire in the shade. Differential expansion can thus Phat a square type ré tically a 
tress and it may be that these stresses are more wavs obtained from welded yint ll l it lly 
severe than loading stresses. In most cases of ship ( That the occurrence of ( 
re, the temperature has been low when the tough- not an indication of the absence et 
of the steel was at a minimum, but in the case of d) That at extreme elongation the welds will cracl 
hip on the ways in winter, low temperature not only at intervals to accommodate themselves to the greater 
ices the toughness of the steel but nonuniform ductility of the base metal without preventing further 
perature distribution causes the stresses. elongation. The Unionmelt welds, wl T 
[hus far little has been said about “‘locked-up stress the hand welds, perform but little bett n the tter 
it part does it play in this picture? Recent experi- Hand welds with the reinforcements gt b 
nts have shown that longitudinal stress (assuming slightly superior to those with the reit emne 1 
tic behavior) on the order of 45,000 to 50,000 psi. but the former crack almost as mu 
ts in joints in plating of the thickness with which we é That the tensile properti elt 
concerned in shipbuilding. This stress diminishes weld metal and heat-affected i T ve ( 
way from the weld and becomes negligible at about 4 in very similar to those of the unaffe 
n the center line of the joint. f) That the presence of small row 
In relatively free plates the transverse locked-up stress the weld reduces the tensile strens eld 
low If the degree of restraint is great, however, ture but little, but mav cause consider 
verse stress can become sufficient to crack the joint its ability to elo ite Che lat 
hown in some of the specimens in this test No erious practical fault because the ( 
nning was done throughout our experiments to de ti found in the pertinent t ( 
ne residual stress, but 1t is safe to assume that all that which could ever be utilized i nm struct a 
welded specimens contained longitudinal residual _ service. 
ses of the order of magnitude described in the fore That the carel triki r ay ( { | 
¢ [It was seen that these specimens made of thick material in cold weath« tT 
ind containing these residual stresses when tested in hardne which can readily ¢ et 
the relatively low temperature of +20° F. where ca could conceivably be the star 
le of developing practically the full ultimate rength h That the plate material ( 
elongation obtained from a virgin base metal spect ship still retains al t all of it 
certainly far more strength and elongation than That the tee type ( , 
oit could be called upon to develop in a ship trake and deck str r shoul be 
Our strain measurements indicate that the metal in wit uti tic ess be ( 
int is flowing plastically while the remainder of the im ible, to make such a weld that dos 
men 18 elong iting ¢ lastically. Che addition ot trans lor eitudin il cracks An 
e locked-up stress caused by external restraint That the presence of longitudinal 
esulting from the rigid welding procedure reduced the weld is definitely undesirabl 
bility to flow plastically and reduced the elongation they may contain br es W ( 
tained from the short flat specimens as would be ex transverse cra ‘ 11 
ed R Chat abrupt changes in 
short, all of the foregoing merely points out that points of weakness even under st 
tut severe notches of considerable extent, we were = stress concentrat inefficient 
t able to set up a state of stress that would cause a metal 
ttle failure to occur in a welded structure of heavy That even with the short flat wel re 
plate. To be sure, an approach to this state was designed to provide lateral tens 
rly shown. It follows then that a more drastk to obtain signifi { eases 1 rength 
ention of flow existed in the actual ship by decreases in elongation, although it vw 
inous factors contributing to this condition would — to produce sharp square fractures i 
more severe notches, lower temperature and larget hat stress-relief anneal 
ot structure The notches could result from cracks creased the elongation of both base metal and wel 
urring during construction or could originate from joint specimens 
design or fauity workmanship That joints which have tr erse resid 
the change from plasticity to brittleness under a sion through restraint deve engtl 
tch in steel occurs at some temperature which is a ind considerably less elongati ian those wv 
ction of the sharpness of the notch. The reported tain primarily residual longitudinal stress 
peratures of ship failures suggest that a fairly sharp 0 That the performance of the larg 
tch was responsible. pecimens compares favorably w 
the final analysis, it now appears that it would be of small coupons of the me steel 
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b) That the notch-bar toughness of thick mild steel References 


plate at 20” F. is naturallv low Gillett, H. W Impact Resistance and Tensile Propert 

ubatmospher Pemperaturt t 1941 Joint A 
q) That the notch-bar toughness of the weld and Research Committee on the effect of temperature on tl 1p 
2. Hoyt L., Me 1A 43 

welded joint 1s very similar to that of the base metal i eeévecas ; Metals H 139 edition, pa y 


Gas .Evolution in Arc Welding Steels 
and Its Etfects Upon the Welding Process 


By Morton C. Smith* 


Abstract developed a method of determining the FeO cont 
Gas evolution during the arc welding of steels is discussed on molten steel by collecting and analyzing the gases e 
the basis of the type and quantity of gas liberated, and it is demon- when a sample of the metal was allowed to solidify | 


strated that a large volume of carbon monoxide must normally be 


end of the sampling pipe. By determining the 
evolved from molten filler and weld metal during the welding 


“ ; 1. Of CO expelled and assuming that it represented t 
process in air Evolution of carbon monoxide from the metal is me ; 
then suggested to be the primary cause of metal transfer across product Or a quantitative elimimation of FeO OTI 

the arc in vertical and overhead welding, of spatter loss of weld present by reaction with the carbon of the steel f 


metal, of the formation of the welding crater, and of porosity in were able to determine the FeO content of the melt 
the c te - 
he completed weld an accuracy equal to that of any other analytical m« 


available—providing only that the carbon content 


Gas Evolution from Steel 


steel was 0.15% or more. Admittedly, such a qua 
tive relation does not apply rigorously to steels of lowe ree 
HENEVER steel is kept molten in an oxidiz carbon content That it exists here, however, indicat 


ing atmosphere for an appreciable period’ that the elimimation of FeO from solidifying stee! 
and whenever incompletely deoxidized steel the decarburizing reaction must, in general, be 
is allowed to solidify, a certain amount of gas is evolved — stantially complete unless their carbon content 


from within the metal. The quantities and kinds of low or their solidification is very rapid. 

gases expelled in several processes of this type have been In are welding, every effort is made to avoid . 

the subject of many careful investigations tion of the steel, because of its deleterious effect 
Perhaps the outstanding example Oot gas evolutio1 properties. However, even when heavy flux ec 

from molten steel 1s the vigorous boiling of the bath are applied to the electrode, an appreciable oxyge 


which occurs in open-hearth steel making while carbon up* and a considerable decarburization* alwa ( 
is being eliminated from it in the form of CO. The CO [he increase in oxygen content must, of course, 
is produced by reaction of carbon in the metal with FeO primarily from oxidation of electrode metal crossi1 
also dissolved in the molten steel, the FeO beimg derived arc, and the decarburization from reaction of the Fe 
primarily from an oxidizing slag Chis decarburization produced with carbon in the metal, to evolve CO 
4 is accomplished by the reaction C + FeO CO + Fe, 
which continues until either the carbon or the FeO m the 
metal has been reduced to a very low concentration, or 
until the reaction 1s ‘‘frozen”’ by solidification of the melt. 
However, that the decarburizing reaction is not actually 
complete in the furnace is indicated by extensive evolu 
tion of CO from the metal later as it solidifies in the mold, 
a unless it has in the meantime been very thoroughly de 
oxidized—completing removal of one of the essential re 
actants. centimeter of metal. In the form of CO, this am 
According to Herty,' when the carbon content of a of carbon would occupy a volume of 1000 X 0.001 
steel is under about 0.20%, and the CO pressure is about 994 = 192 1.3 cc. at standard conditions. Evolv 
one atmosphere, the decarburizing reaction continues at the temperature of the metal, say 1600° C. and 
until, at equilibrium, the product % FeO X % C has stantially atmospheric pressure, its volume woul 
been reduced to 0.010, when CO evolution ceases. How about 9 cc., or nine times the volume of the metal fro 


evel, it Seems very probable th il during the solidification which it was expelled. Further, onl reac hing the 


From the evidence offered by decarburization, it 1 
parent that the volume of CO evolved from the met 
during welding must be surprisingly great. Even whi 
heavily coated electrodes are used, up to 20% of 
of the carbon content of filler metal may be lost 
process.* Assume, however, that in a given case wt 
ing reduces the carbon content of the metal only 0. 
Since 1 cu. cm. of steel weighs about 7 gm., the carb 
loss amounts to approximately 0.0007 gm. per « 


z of steel the reaction may occur, and CO may be evolved, temperature zone of the arc, the CO would very 
when the product of FeO and C concentrationsin the mass = danly expand still more—to perhaps 20 or 25 times t , 
> oO! steel as d whole iS actually lar be low this value. This volume of the metal. ‘| he escape and prompt eX 


must result primarily from solubility changes in the gion of a gas volume relatively so large must be exp: 


solidifying steel; both FeO and C—particularly the to have very definite physical effects upon the weld 1 

former—are rejected by the growing metallic crystals. jtself, and therefore upon the fundamental we! 

Concentrating in the surroun ling melt, the y produce, process. 

locally, concentrations of the reactants suflicient to cause That the case cited is prob iblv a very conservati\ 
CO evolution even when the average content of the mass, jj, indicated by the magnitude of decarburization 
“§ solid plus melt, is very low in both. Such a view is SUP- frequently encountered in commercial practice, a! | 
s ported by the results of Hare, Peterson and Soler,*? who emph sized by the results of Doan and Schulte 
* Acting Head, Dept. of Metallurgy, Montana School of Mines, Butte noted a reduction of 0.032% im the carbon conte! 
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ode metal originally containing only 0.046°7 ¢ both FeO d © must exist t! 1 
the weld was made 1m a perfectly shielded atmos rosses the ’ It must be t the 
irgon gas. Here the only possible source of the lecarburizing reaction will alw ter 
necessary for decarburization was the wire it au ctual tr let tn 1 r its 
vhich originally contained 0.0366, O, and was re ( ition in the liqui ol at 
to 0.012%, O in the weld. Note that here de CO resulting from this re ti ‘ the Ite 
rization has occurred when the product ©; FeO > ules explodes thet projectil 
originally somewhat below Herty’s value met the are str explai tte 
ibove, and has reduced the product to a ilu trom the ar 
wer still When welds are made in air with ele Pu mental] th ct 
ormal « irbon content, the concentrations both that 1 the liar I | t ‘ 
FeQ 1 the molten weld metal ist be t it test ‘ ) 
lv greater than these In spite of the decarburi ected through the air at rather rati 
cuiol which also deoxidizes the metal 1 i! explode becaus 
rather than a reduction in oxygen content duri e 
gis norm il, and more or less extensive decarburiza i the metal patter loss of ste 
ilw occurs Since the carbon can only be n t, at least 1 rt, result f1 yurst 
ited as a gas, 1t is apparent that the weld metal in the molten filler met 
ordinarily expel to the atmosphere many times its 
volume of carbon monoxide 
t what the physical effects of this gas evolutio1 Spatter from the Weld-Metal | 
welding are must depend not only upon the vol 
the gas and the velocity of its escape, but al Howe it is the author 
the pomt the welding process at which it appears the metal lost bv spatter ; 
witaine ) T ele 
the are strean Wit teel 
Metal Transfer Across the Arc this liquid metal b en 
usiv ¢ t the 
ulati 1as frequently appeared concen the CQO ym the rent 
e which projects electrode metal act the ar ul tf the vi t e require 
ertical erhead welding, where g1 t thi 
pose its er It see robable that the vher 
ree of the dnvi force imvol er} 
Ci) lved within the elt 
electr tip. cat iature expk 
t etal away from the ro letel tec 
Her hi ult Schulte is ul 
ed iiterest 1 mas iti that ( re 
d ti luti which re | | 
r when the ly possible source of the nect 
1 the etects etal itsell FeQ 
ich that the decarburizing reaction i yh ( l 
the C and FeO tents of the solid electrods 
reciable the reaction 1s undoubtedly institute evolution b ( re 
lt vik the first becomes LITTICI tly It 1 probable 
lor rapid diftusi of the reactants r escape vheth he 
Chie lved he escape d expans I ril CO) 
elled ht be expected to explod liqn bul ‘ Une ‘ D I 
g on the tip, and thus project molten steel across the notable quietne 
ter wht we 
idence 1m support of this view of the mechanism-of oxygen is excl 
transfer 1s tound im the observatior that neithe tantiall res He 
trodes of very high purity iron nor of kill Stec weld to the t t i 
hich has beet ilmost con | letely deoxidized 1 cast ( b he 
can be used successfully in the overhead position carb burst 1 Le 
dicating that ippreciable FeO conte the ev hig] rb 
trode metal is essential to forcible metal transfer, ence of « er rea r 
suggests that the decarburizing react iS re recur qu 
onsible for metal being projected across the art \p 
rently, in metals which are suitable as electrode mate - 
lim this type of service, the decarburizing reaction was Crater Formati 
t complete during original solidification of the steel 
C and FeO frozen in the metal at above their equi Boiling the wel etal ( { 
num concentrations resume their reaction as soon tion is probably also responsible for t ppearance 
lting of the metal allows them to do so the welding crater normally noted in the weld 1 tal 
mediately beneath the 
does not ippear when welds at le 1 re Iree 
Spatter from the Arc Stream itmospheres, as has freauently been noted he wert 


ol Ly (> | 1) iT] ind hi Clale 


vince, as has been noted, decarburization of filler metal versity 


Recent experiment 1) Line 


it complete during welding, and since oxyge1 pickup  trolytic tron of extreme higl 
the are is normal, an appreciable concentration of | strated the absence of the wel 
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with carbon-free iron in an air atmosphere, and its re 
appearance when carbon is added to the metal rhe 
same effect is noted in are welds made with nickel or 
Monel metal electrodes ind basis plates; when the 
electrodes are used bare or with a carbon-free flux coat 
ing no crater is apparent; when carbon is supplied by a 
carbonaceous electrode coating, normal cratering occurs 
since crater formation obviously depends upon the si 
yon, 1t must cde 
pend upon their interaction, i.e., oxidation of the C to 
CQO. Apparently the escape of CO, evolved by the de 
carburizing reaction, blows pits into the liquid surface, 
and thermal expansion of the CO as it reaches the are 
expands these pits into the welding crater as it is usually 
observed. 

When welds are made in air with a series of electrodes 
uniform in carbon content but varying in type and thick 
ness of coating, the depth of crater and the vigor of 
boiling action in the weld metal vary inversely with the 
effectiveness of the coating in excluding air from the are 
atmosphere. When bare electrodes of normal carbon 
content are used in air, violent boiling is evident, and a 
very deep crater appears. At the other extreme, the 
same electrodes in oxygen-free atmospheres (helium, 
nitrogen, argon, etc.) show very quiet melting and de 
position, and no welding crater. 

Even more revealing is a series of welds made in ait 
with bare electrodes varying only in carbon content. 
With steels of normal carbon contents, boiling of the 
weld metal is so vigorous that a depression 1s maintained 
beneath the electrode throughout welding, and persists 
as the usual crater when the are is’ broken and the metal 
freezes. It 1s apparent that this depression results from 
violent escape of gas evolved within the metal and es 
caping from it at the point where it is most fluid—im- 
mediately beneath the arc, where its temperature is 


multaneous presence of oxygen and car 


greatest and its surface tension least Escape of the 
gas blows the metal aside to form the crater, which 1 
further enlarged by thermal expansion Ol the gas as it 
reache the urtace of the pool. 


When the carbon content of both electrode and basis 
metal is low, for instance with Page-ARMCO electrodes 
ind ARMCO Iron basis plates, boiling of the weld metal 
is still evident, although less vigorous, but no crater ap 
pears during welding The metal pool maimtaims an 
igitated but almost flat surtace, and the crater appears 


only when the are is broken. Appearance of the crate 
it that time must result from sudden gas evolution as a 
comparatively large volume of metal solidifies very 
rapidly. Earlier in the welding process solidification 1s 


progressive as the electrode moves, and ¢ scape ol the gas 
is le udden and through a more fluid melt 

Welds made with carbonyl iron of still lower carbon 
content (about 0.008%, C) again show no crater during 


welding. When the arc is broken, the surface of the 


metal pool may puff out into a swelling bulge, which 


sometimes pops audibly to permit the escape of the gas 


Fig. | Weild Deposit Made in Air with Iron of High Purity 


Fig. 2——-Pit in Oxide Scoria from Carbon Analysis 


which formed it Occasionally this terminal bub! 
mains intact at the end of the sohd weld: mor 
monly, however, it persists only an instant, the: 
and shrinks back to form a crater of sorts at the « 
the bead. 

Finally, when welds are made with electrolyti 
very high purity, melting and deposition are surpri 
quiet, and no crater ever appears. The surface 
welding pool remains flat and boils only slightly 
de position, and each bead terminates in a swelling 
rather than a crater—as 1s illustrated in Fig. | I} 
ever, carbon is added to the tron used as elec trod 
or to that used as basis metal, or to both, normal 
and the usual crater appear, the intensity of thes« 
depending upon the amount of carbon supplied 
sumably, if the metal were absolutely pure and 
pletely free of dissolved vases, there would be 


other than gravity to transfer the metal across thi 
no spatter or boiling in the are or weld metal poo! 


either crater nor terminal bubble in the finished 


It seems evident, the n, that the tormation « 
ing crater depends primarily upon the evolutiot 


within the weld metal, its escape from the met 


are atmosphere, and its expansion at the metal 
The other effects previou uggested pi 
sponsible for crater for the torce 
stre urlface-tensio radients in the liqu 
ete ire undoubtedly important auxilari 
the crater, but are certainly) its primar ust 
Chat gas evoluti unaided, 1s ph ly « 
producing a depression of the type noted is ine 
Fig. 2, illustrating a common type of pit observ 
surfaces of oxide scoriae left 1m the combustion boat 
i steel sample has been burned in oxygen for 
analysis. The pit 1s obviously formed by escape 
bonaceous gases evolved within the material by 


carburizing reaction after fusion has begun 


similar to the welding crater in all essential respect 


cluding the typical peripheral ripple marks, and her 


pears without benefit of an electric are or the 
perature or pressure effects accompanying it. 


Porosity of the Weld Metal 


Formation of a terminal bubble when the arc is br 


in welding low-carbon tron is graphic evidence that 
presumably CO—1s still escaping from the weld m« 
it sols 
dence of the same effect is found in the small pit 


Life With steels of higher carbon content 


line the inner surface of the major crater Poro 
the finished weld then, simp! midaicate that the « 
of whatever gas was evolved is not mplete whe 
solidification occurs \s might be expected, pore 


usually most prevalent im the vicinity of the crater, 


veld metal solidifies suddenly rather than progré 


Any gas available to the arc atmosphere might pri 


this porosity if its solubility is appreciable in liquid 
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mimishe with te mperature or upon of the 


Veldil ) 
However, in view of the large volume of CO pers el all 
ust normally be produced within the metal 
welding and the relatively limited quantities of 
ther than nitrogen (whose effect seems very slight 
to the arc atmosphere, it seems most probabl 
wain CO evolved primarily by the decarburiza | ire 
which 1S chiefly responsiblk tor thi phe- 11 lu 
h ici¢ 
present ] have b 
C Che Harnischfeger 
onclusions WSR-500 
Dr. G. E. Doan, 
ile the evolution of gas from molten steel by the ’ unples of carb 
burizing reaction has not previously been given Phe Amet F n Re 
ittention in welding literature, it seems evident from 
discussions that 1t must play an important Welding electre 
n the fundamental processes Of are welding steel he Inter ti 2 
Che author feels that reasonable grounds have ickel and M 
demonstrated for the belief that CO evolution by shee! 
vechanism is primarily responsible for forcible 
etal transfer across the arc, for spatter loss of weld 
|, for crater formation and for porosity of the 
hed weld. While the influence of gas evolution from ow 
trode coating materials has not been discussed, it 
vident—-from the fact that the effects noted art a 
ipparent, in general, when the electrode is used 
hat the primary effect of electrode coatings is to 
the extent of the decarburizing reaction and, there 8 
C1 eliect 
rther research in the evaluation and control of 
decarburization and gas evolution im ar 
a 
Reviews of Recent 
oreign Welding i 
Literature 
) 
ITORIAI NOT! The Weldi { 
{ re vél ivé na I 
n the We } Late ive \ ‘ 
é y the Institute of Weldir 
DED | l utogene é é é late 
t tion on the effect of hvgros flux I r 
line 1 the corrosion-resistance of welded light-meta purity ( ( 
tubes, tubes of two alloys, Polital (aluminum-magnesium 
silicon) and Duralumin 681ZB (aluminum-copper-mag- the thor with 99 
im), were tested. In one series, one end of the tube cat th with the 
closed by a round disk of the same alloy welded on: “the cut peed by 
econd series both ends of the tube were closed pressure b \ 
the same manner \ proprietary flux (melting at cussed tabl 
( was used with oxyacetylene welding In order Useful cti 
letermine the effect of flux left on the wor ind of ingct hol 
rious means of cleansing, groups ol tubes were treated of structu 
llows |) the flux was left on: the flux w Vent 
hed off with water; and (3) the flux w ' ed of b] 
water, tl ib ickled in 10%, nitric aci un q { 
The tul ere the 1 ul 
f Berlu i wel the 1 lar 
init placed that they were al t it 
containing waste water \iter one year the tube 
led with nitric acid showed no visible attacl W here effec 
flux was left on or simply washed off with wat thes 
corrosion in varying degree Both direct chemical — trat the 
ck and intererystalline corrosion took place Noat- lat 
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The Notched-Bar Impact Test 


By John H. Hollomon 


HE interpretation of notched-bar impact re 

sults has been a matter of controversy since the 

introduction of more or less standard tests by 
Fremont,'} Charpy’® and others at the turn of the cen 
tury. Many investigators*~'' have contributed to the 
understanding of the significance of such tests. Several 
symposiums '. '* have been held with the express pur 
pose of discussing the significance and interpretation of 
the impact tests. It is not the purpose of this paper 
to review all these contributions to the development of 
the knowledge on this subject, but rather to present an 
interpretation of notched-bar impact tests that appears 
to be in agreement with the available published data 

Fundamentally, the interpretation discussed 1n_ this 
paper of the brittle failure of some steels in notched-bar 
impact test is similar to the qualitative analysis pre 
sented by Ludwik* in the 1920's. Essentially, Ludwik 
stated that the function of the notch was to increase the 
tensile stress necessary for yielding, and that brittk 
failure occurred when the stress necessary for yielding 
exceeded the normal stress required for fracture (with no 
plastic deformation Ludwik, however, had no means 
Of measuring this normal stress necessary for failure of a 
plastically$ undeformed metal, therefore he could not 
extend his interpretation beyond the qualitative stag 
Kuntze'? and recently McAdam" attempted to deter 
mine the effect of deformation on the stress necessary fo1 
fracture by testing, in tension, specimens notched to 
various depths and angles. Because of the uncertain 
ties in Kuntze’s (and McAdams's) analysis of the stresses 

which have been pointed out by Sachs") and the inher 
ent nonuniformity in the stress distribution in notched 
bars, the results of such investigations are difficult to 
interpret. A more direct method of measuring the ef 

fect of deformation on the fracture stress was suggested 
in previous papers'’'* and has been utilized in th 

present investigation. 

The present paper concerns itself primarily with the 
behavior of notched impact specimens. The effects ot 
strain rate, temperature and stress distribution, which 
are discussed with reference to the impact specimen, 
apply just as well to the behavior of metal at the bases o& 


notches in any engineering structure All that is neces 
sary 1s to determine the stress distribution in the struc 
ture at the base of the notche \n impact specimen 


may be considered nothing more than a simple engineer 
ing structure. 

The purpose of the present study is accomplished by 
correlating the results of the impact tests with those of 
tensile tests obtained at various low temperatures and 


* Transa American Institute Mining and Metallurgical Enginee 
Iron & Steel D ion, 158, 298-327 (1944 
rhe statements or opinions in this article are those of the author and yt 
nece arily expre the views of the Ordnance Dept Published | p 
ion of the War Dept Manuscript received at the office of the Institute Oct 
7, 194 
tf First Lieutenant, Ordnance Dept I Army, Watertown Arsenal 


Watertown, Ma 
{t References are at the end of the paper 
Throughout this paper fracture trength of the undeformed 
refers toa metal plasiica undeformed or plastically deformed to a very small 
train 


high strain rates Tensile results of two steels ar 
simply as examples to illustrate the effects of th 
ables of impact tests. Before correlation of thes« 
and impact properties 1s possible, it 1s necessary 
ever, to review briefly the distribution of stresse 


bases of sharp notches 


Notched-bar Specimens 


> 
Slate of Stress 


Che distribution of stresses in notched bars has 
discussed in some detail by Neuber’® (circular bat 
hyperbolic notches), by Frocht circular bars wit 
shaped notches), by Coker and Filon*' (square b 
V and keyhole notches), and by McAdam and Mi 
Che state of stress below a notch in a evlu drical t 


under tensile stress 1s described schematically in ] 


In this figure, \, refers to the longitudinal 
stress, which 1s maximum at the base of the not 
refers to the circumferential (tangential) st: 
refers to the radial stress, which must nec i! 

it the surface of the notch The state of stro 
scribed in this figure for a cylindrical notches 
tension 1s similar to that found just below the cent 


the notch in bending 


to the Vor lises viewpoint (p. 17 
yielding occurs when the shear strain enercy j 
to a critical value [he shear-strain ene rev 1S Vive 
the following relation 
[ \ } \ 
where X,, Y, and Z, are the three principal stress 
G, the modulus of rigidity Ch ariati 


{ { 
strain energy with depth below the notch is 
sented schematically in curve / 


to the Mohr viewpoint (p. 175 of ret. 24), yieldin 


when the maximum shearing stress reaches L crit 
value. The maximum shearing stress (one-hall 
difference between maximum and minimum pri 


stresses) will vary with the depth below the not 


nearly the same fashion as the shear strain enero 
The Von Mises criterion for yielding is th 
nearly correct for most met ils, with the notable « 


tion of steels that have a drop of load at yielding, w! 


probably obey the Mohr hypothesis Phus, in gen 


yielding will occur when the maximum shear 
energy reaches a critical value. In the notched 


this energy 1S a maximum at the very base of the not 
and falls off sharply just below the notch. It may 


that this sharp gradient in shear-strain energy 
maxXimuim shearing stress requires a highet CT 


value for yielding than would a uniform distribut: 
of shear-strain energy (p. 203 of ref. 24). Since this eff 
has not been investigated and cannot be evaluate 


this time, the study of the notched bar will b: 


fined to other factors, which can be discussed qua 


tively at least 
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Variation of State of Stress Across Notched Cylinder in 
Tension. (After Gensamer’) 


Che sharper or the deeper the notch, the greater will 
be all of t 


he principal stresses just below the base of the 

tch, for a constant notch angle. The magnitude and 
the gradient of the shear strain energy (or maximun 
shear stress) will also increase as the principal stress« 

become more concentrated 1f the rest of the geometry and 
the applied load are constan Phe quantitative effect ot 
increasing the depth and radius of the notch on the con 


centration of the longitudinal tensile stress at the bas 
of a V-notch in a Charpy test bar is presented as Fig 
derived from the data of Coker and Filon Che stress 
concentration factor 4 is defined as the ratio of the max1 
mum longitudinal stress at the base of the notch to the 
stress in the unnotched section This relation 
between > and the sharpness of the notch may be 
plied to the case of bending to a good approximation, 
if the ratio of the depth of the notch to the height of the 
test bar is small.* As the notch becomes deeper, the 
notched area decreases and the average stress beneath 
the notch greater Thus even though the 
stress concentration factor as defined above increases 
the notch is made deeper, the gradient in longitudinal 
tress beneath the notch may decrease. 
As the ratio of the depth of the notch to its radius in 
the ratio of the maximum longitudinal stress 
average longitudinal. stress incre The 
at the base of the notch is given by 


iveTrage 


ap 


be comes 


ds 


creases, 
the 
lastic strain rate 


to ises 


é De 


where € is the elastic strain rate at the base of the notch, 


» the stress concentration factor and €9 the elastic strain 

rate in the unnotched section. 
* It shou be noted that the discussion of the stresses at the base of the 
vtch are of a se antitat lature The stress distribution w if 
cted by th elast " t ip the impact 
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Directly below and at the su the notch, the 
radial stress is zet and the expré I I neal 
strain energy reduces to 

\ Z ( 

| the absence of the t1 eT the ¢ eo 
lor eitudi te 1 1S 

T] ( \ 
where X,., 1s the longitudinal tensile str 1e@ ab 
sence of other principal stresses 

since yielding will occur for a givet of the 
relation between the stresses at r these two 
cases may be derived directly from Equati sand 4 

(| ) 
7 

where the superscript refers to the str it yielding. 
li the ratio of the radius ol the notch to the bar width 1S 
sufficiently small so that the unstresse: in the 
shoulder of the specimen completely prevents the mate 
rial from the additional contracti which should ac 
company the increase in longitudinal stress at _ the 
base of the notch, the transverse stress at the midwidth 
of the bar at the base of the notch will be given approxi 
mately by Equation 6 (see Appendix A for derivation 
where o 1s Poisson ratio the stre oncentrats 
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5 
SQUARE ROOT OF RATIO OF THE DEPTH OF 
THE NOTCH TO THE RADIUS OF THE NOTCH 


Fig. 2—Effect of Notch Dey th and Sh irpneé n ngitudina 
Tensile Stress at Base of Notch (for V-Notch Charpy Bar 


(After Coker and Fil 


IMPACT TEST 
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factor and vy the average longitudinal stress in the un 
notched section. Combining Equations 5 and 6: 


For the case of no lateral contraction, due to the con- 
centration of the stress, the increase in yield strength 
due to the presence of this transverse stress is plotted 
in Fig. 3 as a function of the stress-concentration factor. 
For the standard”* Charpy impact test specimen with a 
V-notch of 0.01 in. radius, the stress-concentration factor 
is about 5 (Fig. 2) and the increase in yield strength is 
nearly 11%. 

As the width of the bar increases, or the radius of the 
notch decreases, the restraint to transverse contraction, 
and thus, the transverse tensile stress, increases. The 
variation of the transverse stress at the base of the notch 
and at the center of the bar with this ratio is presented 
in Fig. 4 (see Appendix A for calculations). For values, 
of the ratio of notch radius to bar width below about '/ jo 
the transverse tensile stress is very nearly equal to its 
maximum value. At the surface of the bar on its sides, 
the transverse stress must necessarily be zero. 

This discussion of the effect of the transverse stress 
tacitly assumes that the material does not have a trans 
verse curvature during the elastic deformation, which 
would relieve the transverse stress. In notched-bar 
impact specimens, the inertia of the material probably 
aids in reducing this curvature. 

From these considerations, the primary effects of the 
notch in a square bar during bending may be sum 
marized : 


1. The longitudinal tensile stress at the base of the 
notch is increased. The concentration of this stress 
dep nds upon the ratio of the depth of the notch to its 
radius for a constant form of notch 
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RATIO OF YIELD STRENGTH AT BASE OF NOTCH TO THAT W SIMPLE TENSION (X 


STRESS CONCENTRATION FACTOR (pb) 


Fig. 3-—Effect of Stress Concentration Factor on Tensile Stress 
Necessary for Yielding 
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TO MAXIMUM TRANSVERSE TENSILE STRESS (°t/%,,) 


RATIO OF TRANSVESSE TENSILE STRESS 
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Q 2 a 6 6 Lo 
RATIO OF RADIUS OF NOTCH TO WIDTH OF BAR (r/w) 


Fig. 4—Effect of Varying Notch Radius and Bar Width on Tran 


verse Stress at Base of Notch 


2 [he elastic-strain rate at the base of the not 


greater than the strain rate in the unnotched sectior 
is equal to the stress-concentration factor multiplic 
this strain rate. 

3. The notch introduces a sharp gradient in 
shear-strain energy just below the notch 

4. Because of the presence of a transverse t 
stress, the longitudinal tensile stress necessary fot 
ing is increased. The magnitude of this incr 
depend on both the stress-concentration factor an 
ratio of notch radius to bar width. The maxi 
possible increase 1s about 12% (Fig. 3). The ef 
on the transverse stress of changing the ratio of 1 
of notch to width of bar is very small except for the 
values (> '/,) of the ratio. 


Types of Test Specimens 


There are certain minor differences in the 
standard type impact-test specimens. The square | 


test bar with a V-notch placed slightly away fron 


middle of the length of the bar is used rather gene: 
in Great Britain, and both the square and round 


are used to some extentin this country. In the testin; 


this type of specimen, the bar is clamped at one end 
struck on the notch side at the other end. This met 


of loading produces an asymmetrical stress distribut 


at the base of the notch This asymmetry will de} 


also upon the stresses set up by the clamp. Since, in t 


testing of ductile materials with this type of speci 
complete fracture of the specimen does not always 0x 
it is often difficult to compare the results of the im 
tests. 

In the United States, the standard Charpy test 
with a keyhole notch has been used more genet 
since it is believed that more reproducible values oi 
impact energy are obtained. The Charpy specimen 


the additional advantage of facilitating low-temperat 


tests. The Charpy test is performed by placing 
test specimen loosely on a platform between two 


ports at its ends. The impact is accomplished b 


pendulum striking on the side opposite the notch at 
mid-length of the bar. In this method of testing 
asymmetry of the stress distribution inherent in the | 
test 1s avoided and fracture usually occurs even fot 
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= mechanical properties of etal erties 
Ol evel il typ Li steels e bet el h 
equivalen train rates te lat 
| 
the strength of metals is r to 1 é tur 
© : strain rate and strain in the inne! 
: in which 
€¢ 
x ind S is some measure of the strengt he ter 
e, the the strain rate; eat 
haracteristic of the material; A, th 
I’, the absolute temperature of test \fte etet 
ining the ¢ istant ( part 1 I Le 
: given range of strain rate and temperature, the 1sother1 
Or tensile properties at various rates of strain and at various 
° temperatures may be determined by the equivalence. 
oA The properties of several steels have been obtained 1n 
M this fashion as a function of equivalent strain rate.” 
5 | Since the stress at a given strain is a { th 
properties of the material will be tl 
. of the strain ind temperature t wi 
Bw! Te © AIR-COOLED & TEMPERED i the strain rate and temperature a . 
SPECIMENS Q+ 10,000 GAL/GM MOL stant Thus, the effects of high strain rate lav be ob 
| WATER-QUENCHED & TEMPERED tained at room temperature for a maternal by 
“ee | determining VY and then performing tensile tests at 
10° +4 108 ous low temperatures. 
EQUIVALENT STRAIN RATE (SEC-') 
Che results of these experime: lave been di 
Effect { Equivalen Str ain Rate on Tensil Properties of elsewhere in detail, but the 1 n features will b 
reviewed mepecimens tron 1 Cr-\io-\ 
I (0.25% C were eat tr 
t ductile material. Since the standard keyhok first was air cooled from above the critical perature 
otch specimens are of such size that the maximum en- ind the second was water quenched Hoth set 
required to fracture very ductile steel specimens 1s 
about 40 to 50 ft lb., small differences between ‘ ; t str 
rials are sometimes difficult to determine. Further se A 
re, very little careful analysis of the stresses at the 
of the keyhole notch as a function of the specimen 
etry has been atte mpted 
lany investigaters have modified the Charpy speci 
using a V-notch rather than a keyhole Chis ; 
en has the advantage that the maximum spread 240 . 
ween very ductile and brittle steels is of the order of 
tude of 100 ft.-Ib and, it 1s believed that small 
lifferences in materials are therefore more readily dis 
inguishable. Furthermore, more attention has been 
ud to the study of the variation of geometry of th 
est bar for this type of specimen and the effects of vari = 
ibles are more readily understandable. =200}- 
\lthough this paper concerns itself primarily with V- . 
notch Charpy test specimens, it is believed that the e 
erpretatrons apply in a general manner to any type of pr 
ct specimen 
Relation Between Tensile and Notched-Bar Impact wa 
Properties 
ince the notched-bar unpact test is characterized 
igh strain rates at the base of the notch and often is 
ormed at temperatures below room temperature, it 
necessary to determine the effect of these variables 
he normal tensile properties of at least some typical 
tals, in order to interpret the properties observed in | 
hed-bar impact tests | 
ical Properties in Tension 
0 10 20 30 40 50 
a technique (p. 26 of ref. 24), based upon the REDUCTION OF AREA (PERCENT) 
imption of an equivalence between the effects of Fiq. 6—Effect of Prior Deformation on Fracture Stress at mK 
reasing temperature and increasing strain rate on the C. (Air-Cooled Steel 
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specimens were tempered to about the same yield 
strengths. All the tensile and impact data were ob 
tained on these specimens. The effect of equivalent 
strain rate on the isothermal* tensile properties for these 
two sets of specimens is presented in Fig. 5. 

he fracture strengths represented by solid lines in 


this figure are those measured after various amounts of 


plastic deformation. The stress required to fracture a 
metal may vary, however, with the amount of plastic 
deformation before fracture. Such an effect was sug 
gested some years ago by Ludwik Kuntze,'* and re 


cently McAdam,’ have attempted to measure the effect * 


of deformation by testing tensile specimens notched to 
various depths and angles. This technique is uncertain 
because of the difficulties in determining the stress 
in the plastic range at the bases of the sharp notches. 
In a previous paper,’’ a more direct method for finding 
the effect of deformation was suggested 


and some pre 
liminary results presented. This method, however, ts 
applicable only to metals that in tension break brittlely at 
some temperature. Specimens taken from the steel cast 


ing already described were heat treated by air cooling 
followed by tempering to very nearly the same yield 
strength as the air-cooled set of specimens whose tensile 
properties are described in Fig. 5. These specimens wert 
deformed plastically by various amounts at room tem 


perature and then broken, with little further deforma 
tion, at 190° C., and their fracture stresses were tmieas 
ured. By this method, the effect of prior deformation 
upon the fracture stress was obtained. The results are 


plotted in Fig. 6. With increasing plastic deformation, 
the fracture stress increases 

If the assumption is made that the increase of frac 
ture stress with deformation ts independent of the tem 
perature at which the deformation occurs, the fracture 
stress of the undeformed metal may be determined as a 
function of equivalent strain rate. For each value of 
equivalent strain rate, the reduction of area may be 
obtained from Fig. 5 and its effect in increasing the frac 
ture stress determined from Fig. 6. The fracture strength 
of the undeformed metal has been determined as a func 


tion of equivalent strain rate by subtracting from the 


measured fracture stress, the increase in stress brought 
about by deformation The variation of the fracture 
strength of the undeformed steel obtained in this mannet 
with the equivalent strain rate 1s plotted as the dashed 
line in Fig. 5 The logarithm of the fracture strength 
of the undeformed metal and the logarithm of the yield 
trength increase linearly as the logarithm of the equiva 
lent strain rate increase Che fracture strength rises 
less rapidly than does the yield strength, and _ brittle 


failure occurs when the two straight lines intersect 

[t is not possible, with the technique described above 
to determine the effect of deformation on the fracturt 
strength of the steel that doc not break brittlely in the 


tensile tests in the range ol temperature emplo ed 
It 1 only po ible to conclude that Sines thi material 
did not break brittlely in the range of temperature and 


gated, the yield strength does not ex 
ceed the fracture strength of the undeformed steel 


strain rate invest 


Furthermore, it may be inferred that since the decrease in 
deformation at high equivalent strain rates does not re 
flect itself in a decrease in fracture strength, deformation 


has little effect on the fracture strength 


Impact Properties of Air-Cooled Steel 


It is now possible to attempt a correlation of the ten 
sile and impact properties of these typical steels. The 


*In discussing the general features of notched-bar impact test the iso 
thermal tensile properties will suffice for most p irposes even though the adia 
batic stress-strain curves may be approximately calculated 
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Fig. 7--Effect of Decreasing Temperature on Tensile Pr 
of a Typical Steel at Strain Ra r 


first effect that 1 
impact test is th 


te of 10° Se Air 


Spex imens) 


nust be cor 


it ol 


strain 
standard V-notch Charpy bar of 0.01 1m. radius of 


isidered in the notch 


rate For the cast 


the average strain rate can be calculated from Ap 
B to be 120 sec * For the V-notch Charpy bar 
consideration, the ratio of the depth of notch 1 
radius is 8, and from Fig. 2, the stress-concentratior 
tor 6 1s found to be approximately 5. The elasti 
rate at the base of the notch, therefore , is equal i 
600 sec.~', or 10° sec or approximately 10 
Che effect of temperature at a strain rate of 10 
on the tensile properties of the air-cooled and ten 
specimens has been derived trom Fig. 4 by utiliziu 
equivalence of the effects of strain rate and tempet 
The effect of decreasing the temperature at thi 
rate on the fracture and yield strengths 1s illustrat 
the dashed lines in Fig. 7 Che solid line illusts 
variation of the fracture strength of the undet 
metal with decreasing temperature \t this strau 
this steel should break brittlely at 
this steel when deformed im simple longitudina 
it a strain rate of 10° se« hould be ductile 
peratures above uo” < 

In a notched-bar tmpact bend test, howeve 
longitudinal tensile stress nec ry for yielding 1 
b mount dependu uy the tuck 
tr tr¢ \s wa 1! evi 
the imecrease 1n longitudinal nece rv for 
LOT the \ notch \ h 1 l { lun | | ] 
is 11% The effect { mere 1e] trengt 
the impact properties 1s illustrated in Fig. I 
case of the standard V-notch Charpy tmpact test 
mens, the ratio of radius of notch to widt | 
mall that the tran erst tre 1 ery 
equal to the maximut ilue consistent with the 
concentration tactor 

For the case of the standard V-notch Charp 
men, the yield strength will equal the tracture tr 
of the undeformed steel at about and 
failure will occur at that temperature It the rat 


notch radius to b 


temperature 


ar width 1s 
constraint 1s less, and britth 


made larger, the tra 


failure will occur at a | 


It is now possible to describe in detail how the e1 
required to fracture notched-impact test specimens o! 
material will depend upon temperature. A _ schen 


* Often referred toa 
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tion of the impact properties of this type of steel 
is of the tensile stress-strain curves is presented 


8. Curve | represents the stress-strain curve (or 
irve) obtained at ordinary testing speeds at room | 


t rature and Curve A describes the variation of the ; 
re strength with strain. At the intersection of ae 
urves, plastic deformation 1s terminated and failure 
As the strain rate 1s increased, both curves | 7 
the flow curve more rapidly than the fracture = | 4 
th curve It has been shown" that the plastic-flow w | / 
shifts upward very nearly parallel to itself and for | jf 
rposes of this discussion it is assumed that the é 
strength curve does also. The effect of the . 
erse stress in transterring from the tensile speci | f 
men to the notched specimen is to shift the entire flow ’ 
ul ipward,* thus decreasing the strain before fracture / 
ection of Curves 3 and B). As the temperature is eee | 
lecreased, the fracture-strength curve shifts upward 


slowly than the flow curve and the amount of TEMPERATURE (Cc 


Fig. 9 Effect of Temperature on Notched-Bar Impact Ene 


Veriveda 


_=—= 
8. 
decreases rapidly to about it which 
AAS imu, temperature brittle failure occurs 
The variation of impact energy with temperature for 
FLOW CURVE teel pecimens he ut tre ited in thie | it Lin 
FRACTURE « cooled tensile specimens is presented if 
impact specimens were of the V-notch Charpy tvpe hav 
CURVE 21 i Y.Ol-in. notch radius he impact energy de 
FRACTURE 3 
} JR 8) creases sharply with decreasing temperature below 
CURVES FLOW CURVE 3 HIGH WITH A and becomes equal to zero tO i ipbout 
FRACTURE | Below ©. the entire fracture was chat 
ne . 
icterized by the cry stalline ppearance \bove 
FLOW CURVE 4 w TEMPERATURE very small laver Ol material ust elow the 
FRACTURE ANC VER not h evicde need plastu det Tinat he tore Irate 
ture; but the major portion of the fracture w t the 
FRACTURE CURVE D —- AT TEMPERATURE be 
OF BRITTLE crvstalline tvpe 
FAILURE 
| For some steels that undergo a transition from ductile 
STRAIN to brittle? type of fracture, transitio1 ne fractures are 
: a ibserved with an area in the center, whi is char 
fig. 8—Schematic Representation of Mechanism of Brittle Fail 
ure of Typi al Stee! Air Coole d) iCLeT ed CTVStalill 
If ture ippearance surroul! ( 
lelormation before fracture decreases rapidly until the 
yield strength becomes equal to the fracture strength of 
the undeformed metal at the temperature of brittk 
his discussion in essence assumes that the fracture a 
i the entire specimen is determined by the original notch / & 
\bove the’ temperature of brittle failure, however, the 
metal just below the notch may fail in a ductile manner Pp 
with the formation of a crack. Since this crack may bs / 
harp, the material below this new notch may fail 
ely 1405 Of 13) because of the increase 1 / 
rate and transverse stress due to the sharper notch a / 
progressive increase in depth and sharpness of the 
will further contribute to the rapid decrease 1 ~ J 
ct energy, as the temperature 1s decreased to that at 4 Ps 
h the entire bar breaks brittlely 8 - 
he schematic variation in impact energy for V-notch Poe | oe 
ict specimens as derived from Fig. 1s presented as | 
A 4 . 
). As the temperature 1s decreased below room tem | a 
ture for this air-cooled steel, the energy necessary for 
" me t} } tra e st la 10 eff t on the 1 -158 40 +104 fF 
v¥point he data 1 TEMPERATURE 
nt no re xperimental evidence to mit 
pre not of the transverse ne the tracture } 
tev thn Ghich aceon Fig. 10 Variation of Impact Energy v th Temperature pe 
the imposition of the transverse stre mens Treated in In. Rounds Air Cooled and Tempere 
Ig NOTCHED-BAR IMPACT TEST 235- 


: 
4 
1 
es 
4 
5 


420 -20 -60 -190 -140 -I70) 
i. de 4 iL 
FRA 
‘ | 
o 
° ~ 


=| at B 
n STRENGTH 
« 
— 
003 004 006 OO? 008 08 Dio 
RECIPROCAL OF ABSOLUTE TEMPERATURE 
Fig. 11—Effect of Decreasing Temperature on Tensile Proper- 


ties of a Typical Steel at Strain Rate of 10% Sec (Water- 


Quenched and Tempered Specimens) 


rial that has suffered deformation. Just above the tem 
perature for complete brittle failure, the material just 
beneath the notch does not break brittlely because its 
yield strength is below the fracture strength of the unde 
formed material. Since at the sides of the specimen the 
transverse stress must necessarily be zero, the yield 
strength will be below the fracture strength. Since the 
bottom side of the specimen undergoes deformation as the 
specimen fractures, its fracture strength is raised and 
brittle failure is prevented until a lower temperature is 
reached. The very center breaks brittlely because the 
strain rate and transverse stress, and consequently the 
yield strength, are raised by the formation of a sharp 
crack. Brittle failure of the entire bar does not occur 
until the temperature is reached at which the sharpness 
of the original notch is sufficient to raise the yield strength 
to the fracture strength of the undeformed metal. An 
exact discussion of the mechanism of failure at the base 
of the very sharp “natural” notch is extremely difficult. 
Some of the complexities have been pointed out pre- 
viously.*? 


Impact Properties of Water-Quenched Steel 


The effect of decreasing temperature on the tensile 
properties of water-quenched and tempered steel at a 
strain rate of 10* sec.~! is plotted in Fig. 11. Since this 
material does not break brittlely in the tensile test, it is 
not possible to determine the effect of deformation on the 
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fracture strength; therefore it is impossible to 


the fracture strength of the undeformed materi 
Che solid line of Fig. 11 represents the var 
temperature of the longitudinal stress nec: 
vielding at the base ot the notch On the 
that there 1s little effect of deformation on 
ture stress (or even assuming the same effect 
is for the air-cé ed steel) brittle failur 


occur tor 


this strain rate. The difference between the 
fracture stresses gives a measure of the 
formation*™ that will occur at each temperatur 


suming that the deformation is isothermal 
fore, that Fig. 11 applies directly to the impact t 
iriation of the impact energy will be given scl 
cally by the full line of Fig. 12. The sudden deci 
fracture stress at or slightly below room tem; 


it a strain rate of 10* sec ( 


plained. Since a 


I 


deformati 
before failure and the deformation is essentially a 
it the strain rates that the Charpy 1 
temperature of the material will rise during th 


innot at pre 


large amount of 


occur in 


tion and the fracture-strength curve shown in 
| } 
d 
i 
» 60) __ — 
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Fig. 13——Variation of Impact Energy with Temperature 
mens Treated in */;-In. Rounds, Water Quenched and Tem; 
will be shifted toward lower temperatures. The ext 


of this shift can be calculated Late 
ever, for the present purposes, it is 
sharp drop occurs at a | 
than would be predicted from the isothermal pr 
dashed line of Fig. 12 

[he actual Charpy test results are ] 
for this material. The sharp drop occurs at 

10° C. and thereafter the energy decreases on 
with decreasing temperatur: For other similar 
rials, it has been found that this verv slight decrs 
tinues to —190° C. No information has been obt 
for lower temperatures. ) rhe fact that britth 
does not occur in the range of temperature investig 
for this type of material lends credence to the assu 
tion that the effect of deformation on 
strength is small and that the separation betwee 
yield and fracture strengths of the undeformed met 
large. 

The notched-bar impact energy for metals that di 
break brittlely at low te mperatures should decrease ' 
temperature more rapidly than would be predicted 
a consideration of the areas under the tensil 
curves at the significant temperatures and strain 1 
This more rapid decrease in energy can be accounted 
only if the volume of the metal suffering deform 


approxin 
suificient 


somewhat lower 


pre sented in Fi 


stress 


* This will also depend on the exact shape of the stre train curve 
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‘ is the temperature is lowered. As has been factor lotted in |] il 
in the previous discussion concerning water the ab ite perature 
( teel, the ductility decreases slightly the n ckel | or 
ncre es markedly as the temperature decreas« ibove Out 
crease in strain before fracture will effect ce con t t f 
the amount of metal below the notch that the r cal of tl 
rmation, and consequently a further reductiot th pt ll effe to 
absorbed ( trai rats he 
V 1 | | 
bel the et 
Effect of Variables of Impact Test 
cre 1@ ] 1 
e1 tre ind 1 
of Vi icn Viel t] erelor 
ing the sharpness of the notch by rying its The effect 
curvature (while maintaining the re of the , 
ry constant) changes both the strain rate and the , 
If the ratio « th 
erse stress If, however, the ratio of notch radius : 
14} ot the bar is below out ra 
width is less than about Fig. 4 1 the : ; 
tion factor is above out f 
oncentration factor 1s above about 2.5 (Fig. 3), 
varying the radius will be to ch 
principal effect of varying the radius will be to change it the cath ey 
strain rate. If a/r becomes greater than or } ‘ 
OF ibout , OF the str CO 
than 2.5, changing the notch radius will change the =. 
ie ; increasing the radiu the not b the 
erse stress and, consequently, the longitudinal 
1: Strain rate and the k I 
necessary for yielding. 
ing. 
steel that breaks without deformation in an 1m- - 
results will apply t te 
test, the relation between the strain rate and tem- a gees ' 
, . bar, even though the discussion was restrict: tch 
perature at which brittle failure occurs will be given 
‘ test bars. 
see Equation 8) by the following equation 
If the rer ett the test spec t 
is a constant and the subscript h reters to the elastic strain rate nav be t ‘ the 
le failure. Since the effects of strain 1 ite and tem impact velocity The effect of i t 
ture are equivalent, fracture without deformation 
occur at a combination of these two variables at 
Equation 9 is satisfied. 
Combining Equations 9 and 2, the relation between 
the stress-concentration factor and the temperature at 
which brittle failure occurs is found (°C) 
D {) | 
Since the average strain rate depends only upon the | 
1 of the impact and the size of the test bar, if these 
tables are kept constant the relation between the + \. > 
tress-concentration factor and the temperature at ‘ 
hich brittle failure occurs may also be written as \ 
\ %C- 3% Nu 
In O/RT, + K 
4 
here A is a constant. Thus the logarithm of the stress = \ \ 
entration factor will be a linear function of the Ne 
ciprocal of the absolute temperaturs Chis relation, ° 
ever, will be valid only under the conditions of = » 
ing in which the variations necessary to produc 
nges in the stress-concentration factor do not also ° ee 
preciably change the longitudinal stress required for ° \ ee 
ding, e ~> 
Che effect of notch radius (for a constant depth of w N, 
tch) has been investigated by Gagnebin and Arm a ’ he 
ng. These investigators measured the impact e1 * 
er as a function of temperature for V-notch Charpy 
ecimens having various radi of curvature at the bases 
the notches. From these results for each radius of 
h, the temperature at which brittle failure* occurs 
; determined and the value of the stress-concentration 
tor for each radius was obtained from Fig. 2. From ' 
Se atreas.cone 003 004 005 006 007 008 009 
e data, the logarithm of the stress-concentration RECIPROCAL OF ABSOLUTE TEMPERATURE 
Fig. 14—Effect of Changing Stress Concentration Fact 
was assumed arbitrarily when the impact energy had decreased to 40 nh T ratiur { Reiss 
that brittle failure had occurred (ony value of the.anergy would have Changing Radius of Notch) on Tempera ure of | e Failure 
ed (From Data of Armstrong and Gagne 
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Fig. 15——Effect of Impact Velocity on Temperature of Brittle 
Failure, Unnotched Specimens. (After Witman and Stepanoff*) 


will be to bring the yield and fracture strengths closer 
together If the material breaks brittlely, the relation 
between the temperature and the velocity of impact for 
brittle failure may be derived directly. Since the avert 
age elastic strain rate is proportional to the velocity of 
impact (Appendix B), Equation 10 becomes: 


K V 
or 


In Vz = —Q/RT,+1nK |? 


where A is a constant, V, the velocity of impact and 7, 
the absolute temperature at which brittle failure occurs 
Thus for brittle failure the logarithm of the impact 
velocity should be a linear function of the reciprocal of 
the absolute temperature at which brittle failure occurs 
Che results of experiments performed by Witman and 
Stepanoff* are presented as Fig. 15 to illustrate this linear 
relationship. As the velocity of impact increases, the 
temperature at which brittle failure occurs rises in agree 
ment with Equation 12 
The effects of velocity of impact may be summarized 
Changing the velocity of impact changes the 
vield and fracture strengths and the difference between 
them. The exact dependence of the tensile properties on 
speed depends upon the type of metal 
2. If a metal breaks brittlely, the relation between 
the impact velocity and temperature at which brittle 
failure occurs is given by Equation 12 


Width of Bar 


Varying the width of test bar, of course, will changs 
the total volume of material affected by the deformation, 
and, therefore, the energy necessary for fracture. For 
a ratio of notch-radius to bar width less than about 
the primary effect of increasing the test bar is to increase 
the mass of the specimen. For ratios pf r/w greater than 
ibout decreasing the width of the bar will decrease 
the transverse stress and concommitantly decrease the 
longitudinal stress necessary for yielding. The effect 
of varying the width of the impact specimen has been 
the subject of controversy since Moser" first published 
his results, in which he showed that for a certain steel 
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and a certain test bar geometry increasing the wi 
the test bar had the surprising effect of decreasir 
for fracture. The results of 
experiments are illustrated in Fig. 16. 
the energy necessary for fracture increases uniform] 
increasing width. 
increased to a width of about 2.5 cm 
pact energy decreased sharply and the failure ch 
from the fibrous or ductile type to the crystalline or b: 
For the smallest bar of Moser'’s « xperimen 
notch radius to bar width 


notches of 0.25 cm. 


and then th 


Increasing the width 


yielding was not equal to 1ts maximum value, for 


would occur 
As the width of the bar increases, the 
and consequently 


for this case 


higher temperature 
can be affected in the longitudinal Stress neces 
vielding is about 
yield strength 


if the se paratu 
id strength of 
steel for the geometry of the test bar 
rate employed is less than 
failure will not occur at the temperature of test 
steel to undergo a transition from ductile to brittle fail 
as the bar width 
separation between thi 
undeformed 


stress-concentration 


iS increase d, 
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Fig. 16—Effect of Width of Specimen on Impact Energy at Tw 
(After Moser’’) 
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tion may be less for brittle failure to occur.) The tudinal tensile stress required for yielding well 
the strain rate, the less is this separation between changing the volume of metal sufferit lef 10 
ld strength and the fracture strength of the un 5. Ii the separation between thi eld strength in 
ned metal At slow speeds, this separation may pure tension and tracture strength of the undeformed 
h that widening the bar will not induce brittle fail metal is greater than about 12 under the conditi 
ig. 16 ol the impact test (such as temperatut train rat 
he ratio of r/w 1s less than about i9, INCcreasing brittle failure hould not oc t Der ‘ of 
idth of the bar should not appreciably change the any width Whether or not brittlh lure will occur 
iture at which brittle failure occurs Che transi lor a specimen of a given width will den entirel 
me, however, may appear to shift to lower tem upon the difference betwe« t 
ires since the values of the energy for ductile or strengths for the specific conditi t « ( 
llv ductile failures will be increased by a more or Che lower the te erature rt 1 ' 
mstant factor because of the increase in the volum« the less will be th ‘ ratio 1 the lv wil é 
material suffering deformation Therefore it is the possibilitv of brittle failure 
ry that in determining the effect of widening 
pecimen, the temperature of the test should bs 
specime breaks ductilely. at least for Significance and Use of Notched-Bar Impact Results 
rrowest bat 
Notched-bar tmpact result relative 
neasure I the are under str es fo1 
icular test « litior Such e the 1 
| O SPECIMEN BREADTH 75MM ‘ etal to 
| SPECIMEN BREADTH I5MM 4 ‘ 
= listrib rate 
@ SPECIMEN BREADTH 30MM ‘ } \] re ‘ } 
| UNBROKEN set of « lita thet ‘ tre h 
. 7 is equal to the fracture stren 
since the amount materia 
ditheult to determine 11 De 
preted exactly at the present time { 
properties unless the material breal rittlel ul the 
energy required for tracture 1s essential C1 For n 
——— terials that break ductilely, the values of the 1 
energies can be used to compare relative art under 
the tress-strain curves of these material nly the 
tests are performed under 1 ail 
The conditions under which thi 
rmed must be determined by thi 1 ( 
— ice to which the steel is to be ' 
Signer of an engineerin truct l | ‘ 
ul rable conditi thie et 
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Fig. 17—Effect of Width of Specimen on Temperature of Brittle the restraimt 1 ) 
Failure. (After Maurer an 1 t the t 
he 
tl 
ror a test bar having a ratio of v greatel the ra ( I 
ing the bar width will cause the t tature at the et 
h brittle failure occurs to shift t highet higher t] tj 
temperature Such an effect was observed by Maurer reater th | ¢ 
lailander,** whose results are plotted as ] EM the | onet mpts 
eral, for values of the ratio of vin this range, the ef notches and fillet If notch 
| increasing the width is simply to bring the yield) goner should att to esti 
i tracture strengths closer together and sharpn 
the effects of bar width on the impact test may be structure fer ck 1 
Inmarized average strain rate ind minimum temperature Se 
lf the ratio of radius of notch to bar width is less expected. With certain general | wledgt th 
in about , changing the width of the bar should that are available, the designer may be i siti te 


ve little effect other than to increase the volume of the choose the radius of notch of the specimen and th 

tal suffering deformation. perature at which the test should be performed Phe 
'. If the ratio of notch radius to bar width is greater unpact velocity is usually fixed by the a lable t 
than about , changing the width of the bar will change machines If it is not feasible to reproduce the 


€ transverse stress and consequently vary the longi rate by increasing the sharpness of 
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pact velocity, the temperature may be lowered below the 
minimum temperature expected by an amount necessary 
to approximate the required increase* in strain rate 
rests should then be performed under these fixed con- 
ditions and the relative acceptability of the steels deter- 
mined. If a steel breaks brittlely under these condt- 
tions, the structure is liable to failure with little absorp 
tion of energy. Some materials may require greater 
energy for fracture than others, and it is in this case that 
the designer must use his judgment. In most cases the 
results of standard impact tests may be used if it is real- 
ized that a metal that has a lower transition tempera 
ture than another for a given radius of notch may have 
higher transition temperature for a sharper notch. If 
a steel does not break brittlely even at very low temper- 
atures when tested in impact with very sharp notches, 
it can be inferred that it is suitable for service in which 
the notches will be less sharp. If fine distinctions are 
to be made between steels for a particular service, it is 
necessary to attempt to reproduce the service conditions 
by an impact test and compare the steels by this test. 


Summary 


An interpretation of the brittle failure of some steels 
in notched-bar impact tests is presented. This inter- 
pretation is based upon the effects of the stress distribu 
tion present at the base of the notch and the effects of 
high rates of strain and low temperatures on the proper- 
ties of several typical steels. Brittle failure is due pri- 
marily to the small separation between the yield strength 
and the fracture strength of the undeformed metal and 
to the increase in the longitudinal tensile stress neces 
sary for yielding induced by the transverse constraint 
imposed by the notch. 

Increasing the width of a notched-bar specimen, in 
general, will increase the volume of material suffering 
deformation and thereby increase the energy required 
for fracture. If the ratio of notch radius to bar width 
is less than about !'/i, the primary effect of changing 
the width of the bar is to change the volume of material 
undergoing deformation. If, however, the ratio of the 
notch radius to bar width is greater than about '/j, 
changes in the width of the bar will produce changes 
in the transverse constraint sufficient to affect appreci- 
ably the temperature of brittle failure, as well as change 
the volume of the material suffering deformation. 

The strain rate at the base of the notch may be in 
creased by changing the geometry of the test bar or in- 
creasing the velocity of the impact. increasing the 
radius of curvature of the notch will serve primarily 
to decrease the strain rate, and vice versa, if the ratio of 
notch radius to bar width is less than '/1) and the stress 
concentration factor is greater than about 2.5. For con 
ditions of geometry outside these limits, increasing the 
radius of the notch will also decrease the transverse stress, 
and vice versa. 

Decreasing the temperature and raising the strain 
rate are equivalent in their effects and serve to decrease 
the separation between the yield strength and fracture 
strength of the undeformed metal. Some steels do not 
break brittlely in the impact test, and these same mate- 
rials maintain their ductility in simple tension to very 
low temperature or to very high strain rates. 

The interpretation of the impact test presented in 
this paper and the relations between the variables of the 
test should aid the designer of engineering structures in 
choosing the conditions of the notched-bar test so that 


the value of the impact energy may become a relative 
* The limited data now available dicate hat for mo steels a small 
tem equiv alent n Fig. 19 y(x) Displacement with Respect to Center of Be 
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measure of the suitability of the various steels for 
lar engineering applications 


APPENDIX A 


Calculation of Transverse Stress at Base of Not 


By Dr. C. Zener* 


Outside of the immediate vicinity of notch, all 
vanish except X,, which is constant. In order t 
late the stress Z, at the base of the notch, a s 
surface stresses Z, is applied over the face of the ] 
vicinity of the notch that will render the fac 
It may then be shown that the stresses in the pl 
independent of z. This conclusion is most r 
rived at by considering the plate to be subdivided 
arbitrarily large number of thin slabs, all of which 
the same distribution of surface stresses. 


Let b represent the factor by which X, has inet 


at the base of the notch VY, is zero, at this surfacs 
it is desired to find Z Che strain e,. is the strait 
ated with the uniaxial stress y away from notch 
_additional stress |(d l)y] is therefor 
with no further e Chis condition leads to the equ 

or 

44 i 


We now relieve the surface stresses over the 
This relief may be regarded as the addition of 
stresses of the same magnitude but of opposit 
An approximate computation will now be mad 
effect of these added surface tractions upon the str 
Z, along notch. 


Denote by F the total force applied on a face 


If the dimensions of the region over which F ts ay 
are small compared with the width W of bar, the eff 
F near the center of the bar will not be appreciab! 
fected by the manner in which F is distributed. 

The solution is given by Love” for the stress 
duced in a medium of infinite extent by the applu 
of singular forces. Let the force F be applied 
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of coordinates in direction of s, and an opposite By combination of | quations 4 and the tollowing is 
be applied along axis of z at a point W away from obtained 
Che stress Z, midway between the two points is 
D 
AZ (2F/W?)a or 
is a factor very nearly equal to unity; namely iD LL? de 
\ + */;M)/(A + 2M). It 1s to be expected that 
ference between the plate and the infinite medium 
factor of 2, since each force in the case of the or 
is effectively supported by only half the material as 
red with the case of the infinite medium. There V l é 
have the approximation: 6) 
Z 
where / is the thickness of the b 
mains to obtain an estimate of F. The integral of 
tion 3 is equal to: 
SZAA Cir*(Z2)m References 
C, is a numerical constant of the order of magni 
f unity, r is the radius of curvature of the notch and 96, {409 (is0 
is the maximum value of Z,; namely, a - 
ierefore, at the base of the notch at the mid-point of bh 
2 
Z a(b l)yjl Ci(4)(7r/W 
ittempt at an estimate of C; was made by an exact, ensamer, M . 
utation for the case of a circular hole in a pl ite . F 
particular case, C; is exactly zero. The only con 
m to AZ, then comes from the dipole distribution imer. S Mat., 38 
e form, which will lead to a term (r/w).* This at of al. ) 
pt indicates that C, is small compared with unity. a wile ae 
Figure 4 of the text has been constructed with 4C; set = 143, 114 (194 
il to unity. Monatshefte. 2, 2: Moser 
che 5, 48 (1924 
le } D Ahn k 
nl pact Test f 38 
D 1 um, Jr 150 
Relation Between Velocity and Strain Rate in Bending, McAdam, D r.. “Technica 
Test und Yield Strength of Met: ins. ALLMLE.. 18% 
I ‘ 
In an elastic beam, the curvature is directly propor 
tional the moment acting across a plane. Thus if y is ee: ener, ,C-, and Hollomon, J. H.. “E 
the displacement, x the coordinate along the beam (see 18. Hollomon, J. H., and Zener, C., “Go ot 
Fig 19) Tran { MI 158. 28 17 44 
d*y/dx* ~ M 1933 
From a consideration of the external forces acting upon "2. Coker, BE. Gand F . 
the beam, it may be shown that M decreases linearly ‘"3)””’ srctats Handbook. p. 135 (1939 
irom a maximum at center to zero at the ends eee, I and Mebs. R. \V 
24 Zener, ( and H I { 
M(x) M,(1 x'/,L) 2 Trans. A.S.M., 33, 
Alloy } kel 28 
Therefore, upon combining Equations 1 and 2 M k 
2 Love H \f 1 
d*y dx? = Vo "(1 — x'/2L) 3) pp. 185-19 
Ex ntt raph fere iva 
Double integration of Equation 3 gives for the dis Fettweis, Von F., “Die Kerbschlagprobe twick Kritik 
icement D of the center with respect to the end supports 
Press., 1939 
lhe relation between the curvature and the maxi- 
mum strain, ¢€,, is given by: 
DISCUSSION 
¢e, = a/R = ay, (5) 
F. G. Tatnall pre 
where R is the radius of the curvature at center and a is 
the distance from the center of the beam to the surface M. Mertzcer,* Harrison, N. J.—On Fig 0 and 
radius for circular beam, '/, thickness for rectangu 
lar beam). © Steal of America 
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two lines are plotted. Do they represent two specimens 
of steel or does one represent adiabatic and the other 
isothermal deformation 

J. H. HOLLoMoN (author's reply).—The two lines in 
Figs. 10 and 13 were drawn simply to include all the data, 
Because of the spread in impact data often observed, 
this method of plotting appears to be the most illustra- 
live. 

H. W. Russe.i,* Columbus, Ohio.—In the field 
of low-temperature impact, there is a phenomenon that 
often occurs. In the Charpy test, it is frequently found 
that at some low temperature either ductile or brittle 
fractures will occur, but not intermediate values. The 
results are best represented as two overlapping curves. 
Such results are possibly best illustrated in the data 
published by Sergeson for the Joint High Temperature 
Committee in the A.S.T.M. in 1936. 

J. H. Ho_ttomon.—There are many details of the 
behavior of steels when notched and broken in impact 
which could not be covered in the oral presentation, but 
most of them are discussed in the paper 
his phenomenon of a sharp transition from ductile to 
brittle failure is a case in point. 

If one could break an infinitesimally small specimen at 
some temperature or rate of loading, the type of fracture 
would change from completely ductile to completely 
brittle. For an actual specimen, however, the nature 
of the deformation is such that the severity of the condi- 
tions of fracture progressively increases as the crack 
progresses across the specimen. 


as printed 


Suppose, for example, 
that a specimen is being broken at a temperature slightly 
above that at which brittle failure would occur under the 
conditions of severity imposed by the original notch 
The metal at the base of the notch will deform consider 
ably before fracture. A sharp crack, however, will be 
formed and, at some point beneath this crack, the metal 
will break in a brittle fashion. Such fractures consist of a 
fibrous zone surrounding a crystalline or brittle zone 
and are referred to as transition fractures. hus, it is 
possible to obtain intermediate values of impact energy 
in the range of transition from completely ductile to 
completely brittle fractures. The metal itself, how- 
ever, does not behave in an intermediate fashion; it is 
either ductile or brittle. The interpretation of this 
sudden transition in terms of stress-strain curves is pre 

sented in the paper. 

E. F. Poncecet,t Butler, Pa.—We have found that 
the amount of energy required to produce brittle frac 
ture in g | 
striking solid. Is anything known about the behavior of 
steel in this respect? 

J. H. HOLLOMON. 


on this subject. 


lass depends on the elastic properties of the 


I do not know of any information 

E. F. PONCELET1 Does it make much difference, o1 
does it make little difference if you use a very hard im 
pacting tool or a relatively soft one on steel? 

J. H. HOLLOMON Che problem of the actual nature 
of the brittle fracture of steels has not been studied in 
any great detail Che primary metallurgical problem 1s 
to determine the factors that control the amount of plas 
tic deformation that will precede fracture in structural 
materials. It is only necessary to know whether or not 
material fails brittlely. The exact nature of this brittl 
failure is the subject of another type of investigation 

N. A. ZIEGLER,+ Chicago, Ill.—All the theory atid con 
clusions of this paper are based on relatively slow spec ds, 
used in conventional impact testing. It is known, how 
ever, that with high-velocity impact the mechanism of 
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fracturing is different. For example, with slow 
impact, the specimen must be supported on som 
device before it can be fractured; when the spe 
pact increases beyond a certain value, a specime: 
fractured by its own inertia, without any support 
I would be interested to know whether the conclu 
this paper apply to such conditions. 

J. H. HoLtomon.—It is believed that the 
presented in this paper apply to fracture over th 
range of strain rates. At very high velocities of 
other factors, such as the prop imation of plastic ck 
tion, may contribute to further complication 
necessary, of course, in any interpretation of the 
bar test to know approximately the strain rate at t 
of the notch. When the specimens are broke n, 
high VE locities, a relatively exact estimate of t] 
rate may not be possible. 

F. G. TATNALI Me Eddystone, Pa. Impact 1 
the mystery men of physical testing. A gr 
people have condemned the impact test as beins 
and elusive. Captain Hollomon is doing much t 
it out into the open and make it a useful yardstick 

He says that the material above the notch ha 


tensile stress 1n it It was my understanding get 
that that region was practically unstressed longitu 
and hence was acting only as a lateral restraint 


words, if an ordinary tensile test is made on an unn 
machine specimen, this test does not reproduce 
tions in a welded ship plate, because when a shiy 
subjects d to tensile load it cannot contract latera 
cordance with Potsson’s ratio, being restrained 
surrounding material. 

It looks to me as though the notched-bar impact | 
test is intended to reproduce the restraint suffer 
material when it is part of a structur 

I read a recent article by Dr. Krivobok, whic! 
cludes that until we study impact as a tensile test 
lateral restraint we do not fully understand it 

For instance, Dr. MacGregor, at M.I.T., h 
that the only real difference between static ter 
and a notched-bar impact tensile test is the not 
that right, Captain Hollomon ? 

J. H. HoLLomMon.—In order to answer Mr. J 
questions, it 1s desirable to reword them 

l. What is the difference between the tensil 
ind the notched-bar tk tf 

; Is it correct that the 


) 
11 


nly difference betweet 
two tests 1s the principles of a transverse constraint 
These two questions present an opportunity for 
sion of the mechanical testing of metals that ma 
to clarify some of its 
Only certain fundamental variables must be con 
in determining the mechanical behavior of metals 
tic flow and rupture are functions of the stran 
temperature, distribution and prior | 
The latter includes both the structure of the metal 
consideration and the degre ina effect of any 
deformation These 


ispects 


stress 


interrelated 
, the yield strength 
metals may be different if their structures are difl 
In any ittempt to correlate the behavior of m« 
different tests, the difference of the magnitude of 


Vari ibles are 


effect of strain rate on, Say 


iriables is of primary importance 
In comparing the tensile test with the notch 
impact test, two of these 


tnaterial at the base of the notch 1s essentiall 


iriables are different 


strained from the transverse contraction and a 
verse tensile stress induced, and the strain rate 

base of the notch is greater than is usually em 
in the tensile test. Furthermore, the notched-bar 
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tly conducted at temperatures other than room may become brittle at the low temperatur Phere is 
iture. If the effect of these three variables on the some evidence available in the fairly recent work of oth t 
required for plastic flow and the stress required investigators that increasing the strain rate also tends t 
cture are fully understood, it is possible to correlate make a material more brittk 
savior of metals in these two types of tests ena are all we know, and mavb { \\ ed 
hese two tests, the primary difference arises from this problem over to some of the resear vorkers at 
sence of a transverse stress, and it is the effect of Watertown Arsenal, and we think tl 
verse stress on the pl istic flow and fracture pretty go xl worl However, th 
that is of fundamental importance to the understanding far apparentlyare not complete 
notched-bar impact test. The effect of the strain I was hoping to hear at this meet 
relatively minor. to the limitations of our thinki ] 
SHEPHERD,* Phillipsburg, N. J.—Just something fied people would express their tl tsin the tter t 
lature of a general statement: The experts in such an extent that we could be cui r future ef 
ul testing appear to have the practice of defining _ forts. 
ire by stating the method of quenching or temper- Somewhat as a premise to our t] 
ich, after all, 1s a very vague way of stating the as the temperature is lower t] le properti 
which we are primarily interested that 1s, steel are raised Als f the t the 
lographic structure. If the investigators would _ tensile strength, particularly viel 
the actual structure as quenched or quenched and Those two considerations mav not be nar Phe 
d they would cover everything—quenching, may have onlv an 
m and everything else. It would mean a little each other. In fact, I have used 1 rollary that we 
han just to state that it is quenched and tempered can establish a relationship between 1 racemes eS 
cooled. Quenching 1s only a means of controlling tires and the speed at which the ris dr WW 
insformation rate, which. of course, produces the iso establish a relationship between 1 life of thes 
tructure tires and the roughness of the 1 it what is th 
J. H. HoLtomon.—Mr. Shepherd's point is very well rel itionship between the speed of th f 
take1 [he photomicrographs of the steels used for ness of the road? 
experiments have been presented in another paper. If there is anv relationship betw 
he water quenched and tempered specimens consist ol ind lowering the temperatur: taj 
ered martensite, the air-cooled and tempered speci lower the temperature than to inc1 e the 
consist of proeutectoid ferrite and pearlite (the the limits in which we are inter 
htl zed durit 
es of which were slightly spheroidized during thx I hope that out of this research we n Bites new 
pering treatment). ; : concept of how to view the intrinsic behavior of a piece « 
F, PONCELET | should like to ask another ques- yy tal when it is subjected to deformat t ¢ 
I believe this paper relates only to fractures high rates of loadin 
tarting in the notch That means that only what | 
I] H HOLLOMON The questio1 nel Cox h 
iid call very slow impact is considered. On fast Ader : 
introduced concerned us a er 
ugh impact the pressure wave has no time to gene jor tog 
Stage ot the research of whic! | I I 
te the stress in the notch while the impact is in progress: : 
report There is considerable « el however, t 
quite a different type of cracks and fractures de  « 
in’ } the etlects of strain rate and te1 rat 1 
The tresses involved are given by the for 
considered are equivalent Carpente! I 
ot Hertz lhese fractures start on the compression 
Sugvgestec i qualitative re 
nd form the “percussion cone. I do not know MOOG . 
about when and how this type of fracture occu ma A 
1 eter e whether I 
interested in learning more about it type 
: i ( We be I 
lracture is entirely different from the type of mmnpact a 
} ad of tween the effects of st: rat 
ires caused by what might be called slow impact , ' 
‘ 1° re LLIO nip petwer 
\re there any data about those things available? ae : 
H. HoOLLOMON The subject that Dr. Poncelet 
1 petwee pressure lume 
ngs up 1s much too involved to discuss at this tum / 
uld like to say that this phenomenon enters the ; 
Sure and volume f 
ein for only extremely high velocities of impact and ; 
1 sure for a given temperatur 
ttle importance to the problem under discussion 
volume n pal el 
G. L. Coxt,, Watertown, Mass.—I want to emphasize the 1 
the logarithm of th t 
thing We at the Arsenal have been studving the oe “he , 
of the absolute temp u 
pre m of the effect of high rates of loading on the 
1 4 1 la hi ] ite her 
rties of materials for some time, largely becauss , 
Strain rate al tempel ure \ 
pplications with which we are concerned deal with h. TI , 
same yield str e relati 
train rates rat tos 
ale ind lemperature las 
the middle 1930's, H. C. Mann built a variabk & the d 
ie i¢ ature OF the 1 1 
velocity impact machine to work on this problem He ee ; 
, properties on temperature 1s not 1 rtant 1 this re 
served some rather phenomenal things, as most of you lationshiy 
Know, as he raised the velocity. The order of velocity 
wit : SACHS,” veland, Onhu ‘ 
with the machine was considerably higher than that of 
size the fact, which ‘oncelet h ut, that 
tandard Charpy test; however, even then the ma rel Pons 
13. : ‘ I tions between my ind speed in 
Chine was incapable ol reaching velocities as high as are ; po 
it 7 ; Vall nly r speeds that are very slow in comparis 
olten encountered, as, for example, the attack of a pro 1 
lectile on a piece of armor. har Une ropag ae A A Cl Va \t very 
ligh speeds, no simple relation betwee! peed and impact 
ve all know that if the temperature is lowered, steels : 


energy can be expected 


gersoll Rand Co 
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J. H. HOLLOMON I should like to agree with Professor 
Sachs that this paper is concerned with speeds that are 
relatively slow compared with the speed of propagation 
ot elastic waves 1n steel However, it is believed that 
at least the qualitative relation between the effect of 
rain rate and temperature that has been proposed will 

even at these higher rates of loading. 

S. L. Hoyt,t Columbus, Ohio The author gives an 
important and timely discussion of the mechanics of a 
notched bar. <A major point is the discussion of the re 
spective roles of triaxial stress and stress concentrations, 
ind the relief of the latter by a small amount of defor 
mation at the root of the notch. The latter agrees nicely 
with opinions expressed by engineers that if the metal at 
the notch can deform by | to 2%, any stress concentra 
tion from geometry is eliminated 

It seems to the writer that therein is a major reason for 
testing notched bars statically, so that a full stress 
strain diagram can be obtained. Phe relatively small 
amount of quantitative testing that has been done indi 
cates that there are important differences in behavior, 
which show up directly or soon after bending 
resulting either in an early crack of a brittle type or a 
late crack of a more ductil type 


Starts, 


Chis suggests the de 
sirability of separating the behavior during test into two 
steps, the first being the early elastic deformation and the 
second, subsequent plastic deformation. 

During the former, the stress concentration is present 
and must be significant. It would appear to the writer 
that this concentration has an important bearing on the 
behavior, either (1) the opening of a crack, or (2) as the 
alternate behavior, the initiating of the plastic deforma- 
tion which lowers the stress concentration. 

During the second stage of the test an analysis of the 
situation would require a running summary which 
would integrate the effects of the now modified geometry 


t Battelle Memorial Institute 


Discussion of “Arc 
Welding of Mag- 


nesium Alloys” 


By N. Teitel' 


ESCRIBED in this article, helium are welding 
process requires the expense of 0.5-1 cu. ft. of 
helium per foot of weld. 


This quantity can be much lowered by surrounding 
the helium cup, Fig. 1, with a second cup joined by a 
flexible hose with a little pump. The pressure in the 
space between the two cups must be by many inches less 


* Article by W. L. Loose, published in Dec, 1942 issue of Research Supple 
ment to THE WELDING JOURNAL 
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and stress system, and the altered cohesive 
strengths of the steel. This subdivision of thi 
of a notched bar appears to be sound and corr 
sibly necessary to its proper understanding 


For notched-bar testing as commonly practi 
above 1s probably not of much significance, si 
bars usually break in a ductile fashion with high 
values. However, the test becomes truly reve 
notch sensitivity or notch toughness when th 
tions are determined that show the change from 
to brittle behavior, the ‘‘match’’ point discussed i 
ence.*” The writer would like to see this point « 
sized for notched-bar testing, since it seems import 
ascertain the level of notch toughness in terms of 
geometry, temperature and rate of strain, which ’ 
ductile behavior. As a compromise or simplificati S 
the double-width Charpy bar has been found to bx 
by checking the steel under an additional degre¢ 
straint, while the use of temperature as a variablk 
wise helpful. 

J. H. Hottomon.—Dr. Hoyt emphasizes th 
fracture of a notched bar in impact consists of two p! 

the behavior of the material at the base of th 

formed notch and (2) the behavior of the material 
base of the continuously changing forming cra 
understand completely the nature of the notcl 
impact fractures, the conditions surrounding the 


phases of fracture must be completely understood 
temperature at which completely brittle failur: 
however, is controlled by the preformed notch 


titative information concerning the transition fron 
tile to brittle failure, therefore, can be obtained wit! 
knowledge of the exact nature of the crack that p1 
across the specimen. It is the conditions sur1 
this transition from ductile to brittle failure that 
the greatest importance. The author does not b 
that much information can be gained from 
double-width Charpy bars which cannot be obt 
directly from any given standard test bar. 


npe 
than the atmospherical Che distance from the 
cup to the sheet can be of the order of 0.01—0.1 in 

Passing the pumped-out air through a suitabl 
fication train it is possible to regenerate most 
helium used. 

Reply by Author 

We too have tned this method o, conserving li 
or argon, but at the present costs of these gases, 11 
not appear to be economically feasible to collect a1 
process the gases. In addition, the outer tube nec 
to collect the gas reduces the visibility of the arc a1 
creases the weight of the electrode holder, etc.  \ 
automatic welding, it might be entirely feasible to u 
collecting tube and reprocessing equipment, but W, 


hand welding, the equipment required makes 
rather clumsy arrangement and does not appear 
economically justified 
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Weldability of Manganese-Silicon High 
Tensile Steels 


By George G. Luther,! Francis H. Laxar’ and Clarence E. Jackson 


. CON has been shown! to be almost 
\ fective aS Manganese in increa Table 1—Chemical Composition of Steels Used in This Study 
nsile rength of a steel [It also 
f normalized steels f Steel 
he preferred to tha irbo No. C s Al 
ea t-afi Z i 
: +1 401 0.15 0.49 O.48 0.008 0.023 0.10 0.23 0.04 9 0.02 
402 0.13 0.67 0.81 0.0086 0.023 0.13 0.27 0.05 0.05 0.035 
: 419 0.17 0.45 0.39 0.008 0.02 0.41 0.50 0.05 20 0.032 
ty 406 0.18 0.62 0.52 0.008 0.025 0.12 0.28 Ol, 5 0.03% 
if la 379 0.13 O.71 O.75 0.029 0.15 0.26 -Ol 0.06 0.038 
il 
409 0.15 O.81 0.66 0.008 0.025 0.12 0.2 0.05 0.03% 
le wit! 410 0.19 0.77 O.61 0.008 0.025 0.12 0.28 Oh 0.05 0.034 
405 0.15 0.83 0.008 0.025 0.12 0.28 O.0h 0.0 0.03% 
iract t 345 0.18 0.7h 0.53 0.014 0.027 0.20 0.29 0.05 3 0.037 
Obiect of Tests 378 «8490.13 +O.73 0.57 O.01h 0.029 0.15 0.26 0.01 0.06 0.027 
374 0.12 0.69 0.64 0.01, 0.027 0.18 0.28 0.01 06 0.043 
pa pr ‘ ults of | 40, 0.17 0.68 0.68 0.007 0.025 0.12 0.28 O.&% 1.05 0,034 
perimental hea rf 407 0.146 0.83 0.80 0.006 0.025 0.12 O.28 0.05 0.0 
nga I 18 of whicl 
403 0.17 0.70 0.72 0,008 0.022 0.13 0.28 0.05 0.05 0.03% 
+] 408 0.16 0.79 0.79 0.008 0,025 0.12 0.28 0.04 0.05 0.03h 
375 0.16 0.76 0.70 0.018 0.026 0.18 0.28 0.02 0.06 0.044 
il hi le st 377 0.15 0.71 0.014 0.029 0.15 0.26 0.01 0.06 0.038 
e type ith and h 397 0.78 O.61 O.O14 0.029 0.15 0.26 0,01 -06 0.038 
r i 
346 O.21 0.72 O.78 0.025 0.13 0.30 0.06 0.03 
352 0.24 0.76 0.868 O.01h 0.026 0.20 0.27 0.02 0.03 0,053 
mposition and Mechanical Properties 352 0.2% 0.65 0.82 O0.0lk 0.026 0.20 0.27 0.02 0.03 0.047 
of Materials Used in This Study 350 0.25 O.61 0.83 0.014 0.026 0.20 0.27 0.02 03 «60,050 
347 0.23 0.82 0.012 0.025 0.13 0.30 0.06 0.03 0.045 
y-eight 100-ib., alumu 
inental hea ‘ i 348 0.23 0.76 0.86 0.026 0.20 0.27 0.02 0.03 0.046 
Furnes | cast into big end-1 349 O.2, O.91 0.9% 0.011 0.025 0.13 0.30 0.06 0.03 0.048 
355 0.25 0.82 0.017 0.025 0.40 0.27 0.03 0.32 0.050 
eae hae 353 0.26 0.75 1.06 0.012 0.025 0.16 0.28 0.07 0.03 0.053 
Cane 354 0.25 O.82 0.92 0.012 0.025 0.16 0.43 0.07 0.03 0.049 
l i lot Olle 
ick pla of the 
tions in finishing temperatures a Experi ntal Mn-SiS 
f each rolled plate was normalized 
] i | test id Stee 
hese \ rang 37m 0.13 0.68 0.52 0.012 0.019 0.19 0.28 0.03 0.06 0,036 0.07 
ro “ne h mangan All 0.16 0.72 0.66 0.008 0.016 0.13 0.27 0.04 Ol 0.043 0,08 
varying f 413. 0.16 O.75 O.73 90.008 0.006 O.27 0.03 0.054 0.28 
co teel lected f O.71 0.68 0.006 0.006 0.12 O.27 0.04 0.03 0.078 0.35 
ml we ick 356 0.23 0.75 0.90 0.017 025 0.16 -27 0.03 03 0.038 0.005 
{ t 1 he a l madition 412 0.16 0.77 0.73 0.008 0.004 0.12 0.27 0.04 0.03 0.038 0.16 
[he chemical composition of the 357 0.21 0.80 1.18 0.017 0.025 0.40 0.27 0,03 0,03 O42 0.16 
ental and commercial steels i 362 0.2 1.31 0.58 0.012 0.025 0.16 0.28 0.07 0.03 0.035 0.092 
in Table | Che mechanical prop- 359 +#+O.2] #O.79 #+1.21 %O.012 0.025 0.16 28 0.07 0.03 0.044 0.17 
f all steels in the longitudinal di 363 0.19 1.38 0.50 0.012 0.025 0.16 0.28 07 0.03 0.039 175 
are reported | 2 
Experi al Mr 
Weldability Tests Used in This Study - 
weldabilitv of these steels has been No. Cc Mn ae Jae Ni Cu Mo Cr AL v 
mined by the. u of four tests: first, 
of 0.13 «(0.64 «420.09 «(0.008 0.05 0.05 0,029 0.192 
| welding on the ductt h1S 0.16 0.7% 0.73 0.006 0.008 0.12 0.27 0.04 0.03 0.034 0.106 
416 0.16 0.74 0.70 0,008 0.027 0.12 0.2 0.05 5 0,043 0.192 
paper presents only the personal opinion 358 0.2 0.72 0.74 0.017 0.025 0.16 0.27 0.03 v J 0.039 0.13 
thor and in no way reflects the official 360 0.18 1.21 0.44 9,012 0 025 0.16 0.28 0.07 0.03 0.041 0.108 
the 
361 0.17 1.26 0.012 0.025 0.16 0.28 0.07 0.03 0.040 0.092 
Laboratory Anacostia Station. Washing 417 0.15 0.71 0.71 0,008 0.027 0.12 0.27 0.05 0.05 0.039 0.283 
IL D. ¢ 364 0.86 0.7 0.915 0.926 0.16 ), 28 0.13' 
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full plate thickness as measured by the Table 1—Chemical Composition of Steels Used in This Study (Conti; 
bead-weld nick-bend test second, the 
maximum hardness produced in the base 


lard Steel — 


metal by a bead-weld made using standard 


Commercial Steel 


No, P s Ni Cu Mo Cr Al Ti 
elding technique; third, hardenability & 
1s measured by the end-quench harden 420 0.23 0.50 0.003 0.010 0.053 0.10 0.15 0.02 0.05 <0.0l ——- ___ 
333 0.18 1.09 0.16 0.017 0.022 0.12 0.22 0.03 0.04 0.015 
393 0.46 1.25 0.21 0.015 0.02% 0.13 0.13 0.10 0.12 0.018 0.005 
dency as indicated by the short string 334 0.17 1.10 0.17 0.018 0.024 0.12 0.22 0.02 0.04 0,025 ——_e —_. 
bead test 3144 1.10 0.16 0.018 0.016 0.23 0.02 0.03 0,0] <.0] x 
k 
Welding Technique 391 0.146 1.26 O.&% 0.020 0.020 0.06 0.15 0.012 <.0) 1,06 
392 1.10 0.25 0.025 0.019 0.26 0.20 0,03 0.08 0.014 <.0) 379 
In making comparative tests 1t 1s essen 384 0.17 1.19 0.2% 0.021 0.032 0.10 0.20 0.03 0.05 0.020 0,007 002 
tial to hold conditions as constant a 3865 0.17 1.07 0.29 0.018 0.024 0.15 0.20 0.0] 0.05 0.015 0,007 
Gull 386 (0.17 «+122 0.27 0.021 0.020 0.13 0.25 0.04 0.05 0.010 0.008 
control was used All of the electrod 3%, 0.146 1,31 0.23 0.030 0.025 0.03 0.04 0.01 0.20 0.026 0,025 W—.. re k 
sed in these tests were supplied by on: 396 0.17 1.34 0.23 0,018 0.025 0.10 0.01 0.01 0.19 0.02 0,030 —..  - 
nanufacturet The electrod 380 0.18 0.30 0.015 0.024, 0.15 0.31 0.05 0.07 0.012 0.009 o.m 
Mace 395 1.27 0.23 0.031 0.025 0.03 0.03 0.01 0.20 0.039 0.035 —. 
teel, heavy coated, reversed polarity 367 0.16 1.16 0.26 0,019 0.027 0.08 0.19 0.02 0.05 0.020 sntiiaee 0.09 i | 
Grade EA, Class 1; A.W.S. E6010) with Lg ni 
in. and !/e-in. diameter cor: 382 «600.16 «2146460 «20.20 0.025 0.02% 0.01 0.066 0.€ 0.10 <.005 0.09 
0.15 1eh5 0.26 0,030 0.033 0.09 0.16 0.01 0.18 0.01 6.04% 404 
plates were all thoroughly cleaned of mill 383 0.16 «321.36 0.24 0.025 0.02, 0.01 0.03 0.01 0.05 0.02 5°05 
and furnace scale by grit blasting befor: 381 O.18 1.44 0.30 0.020 0.027 0.21 0.25 0.03 0.01 <.005 0.090 
velding. An Esterline-Angus recording = = 
voltmeter and ammeter were useful 
closely controlling the arc conditions in 377 i 
the circuit during the preparation of th: a a 
bend-test weldments. 2). Nick-bend specimens prepared fron End-Quench Harder 
unwelded plates were also tested to con 
Methods and Results of Tests pare the plate-bend ductility of the variou 
pecime were machined ft 54 
on tee] with e bead-welk ck-bend te 
he following sections describe the tests —— with the bead-weld nick e. st diameter bars forged from 1 4 
which were performed and present the data ductility Phe reste are prt ——— in plat Che forgi é | ” 
obtained on both the experimental man lable 38. In order that the nick-bend re ue 
tilts of the ? and ’/s-in.-thick commet 
high-tensile steels cial steels may be compared with those of 355 
' : l-in. thickness it must be recognized that arp v 353 
Bead-Weld Nick-Bend Test for a given welding technfque the nick ee 35h 
bend dt ine ase as } k 
Longitudinal bead-weld nick-bend test — will increa as the tl 
re ) the ecimen decrease : 
plates (Fig. 1) were welded at room tem 
perature under standard conditions (175 nick-bend results tor the commercial steel —— 
ump., 26 v., reversed polarity, 6 in. per other than those of l-in. thickness as given 
minute travel) using the */).-in. diameter in Pabl > adjusted appr imat ly Steel 
electrodes. Single bead-welds were cde to l-in. thicknes: A full description of 
posited parallel to the width dimension the nick-be we oom rg been reported by er 
and in the center of the plates which wer Jackson and Luther 413 
t to 5 in. wide by 10 in. long Che dire 4, 
tion of rolling was parallel to the length Maximum Hardness in Heat-Affected Zone 356 
of the plate. Strips were positioned along 1) 
ide the test. plates and clamped rigidly Vickers (10-kg. load) and Knoop (500- 367 
during the welding operation The bead gm. load) hardness surveys were made on 362 
welds were started and finished on these 3/ -in.-thick polished transverse sections iy 
approach and run-off plates so that a full, of the bead-welds taken from the center ws 
even weld deposit was made along the of each weldment Figure 3 shows the 
whole width of the test plates. Since the type of survey used for the Vickers test 
commercial plate were 6 in. wide, no The Knoop survey was made across the 4ie 
ipproach and run-off strips were used fusion line at three widely separated loca- aN 
The nick-bend specimens were aw cut tion Knoop and Vicker values for o 388 
from the weldments and tested at room maximum hardness are reported in Table Fig. 2-—Bead-Weld Nick-Bend Specim: 60 
temperature two days after welding (Fig 1 During Testing 
36) 
417 
364, 
DISCARD 
wre PLATE THICK 
i> WIDE BEND SPECIMEN 
\ CA 
48. WIDE MICRO HARDNESS SPECIMEN 
WIDE BEND SPECIMEN 
J 
DISCARD 


0.10" WIDE OR MILLED NOTCH 6" 


- BELOW SURFACE OF PLATE 
[ PLaTe THICKNESS 


Fig. 1—-Bead-Weld Nick-Bend Test Specimens 


246-s WELDING RESEARCH SUPPLEMENT APRIL 194 


{ 
: 


Table 2—Mechanical Properties of Steels Used’in'This Study 


Yield Tenai le 
Experimental Mn-Si Steel Strengtt Strength Elong. 
4 2° 
— oe Tensile Elong. Impact Yield Tensile Elong. pact m 327 65750 38 
strength Strength  ft-ibe Strength Strength 333 39000 69500 35 
steel _pad psi 32°F 70°F psi pei 32°F_=70°F 393 10150 
40300 7120 38 
102 42750 661400 38 446000 67500 38 104 106 
119 & 3000 664,00 38 3559 47000 67250 37 9 61 . 
«43150 70600 35 i, 56 48900 71150 360 
379 «3550 67700 36 66 70 47000 69900 @ 4.6250 37 
385 48500 37 
09 70000 3, 42 58 47000 70 500 32 386 6630 
4) 444,000 72150 35 36 «(48 49750 73 4 1800 8150 23 
105 4450 69750 36 55 4,9000 70650 3755 
21,5 44250 71650 37 52 72 45550 71100 36 87? 102 380 5210 37 
‘ 5 52650 7725 
73 65000 39 8 93 47650 67250 39 81 103 570K 8215¢ 
"718 44,500 65750 38 75 83 46500 67500 37 81 88 oo 
4d,500 66000 L0 73 «88 L,64,00 67000 4,0 96 104 322 5865 
1,04, 44,500 71500 37 3% 48 49750 72750 36 55 71 Lk 61] 6250 31 
407 70500 35 46 71 49150 71750 37 62 77 64,154 
381 7515 28 
403 45250 71250 37 39-60 50150 73250 35 66 
408 45650 70900 3h 31 «(53 491,00 73650 3 78 
375 45900 69900 38 55 66 49650 71900 36 66 84, 
377 =&7000 71250 38 43 62 47250 71000 37 5668 
397 474,50 73550 3h, 33. «40 50750 737 35 49 71 
50350 78000 3963 50300 TTISC 35 
951 50750 79900 36 39 51600 79900 3h 
352 50950 80750 36 «649 49500 79000 33 39 50 } 
350 52000 82050 42 52 51900 81650 35 
347 52050 81250 33 36 50500 81750 53 
48 53250 82900 3h 35 57 52000 81000 34, 45 60 
55650 83750 2 56 54,000 85250 35 34 39 
355 56750 88000 31 30 3 57000 87650 33 43 56 
353 56900 87350 32 26 35 53850 85600 31 32 4&2 
35, 57300 88300 30 38 53850 86500 33 
Experimental Mn-Si Steel 
Fig. 3 
AS_ ROLLED NORMALIZED Vick, 
Yeld Tensile Elong. Impact Yeld Tensile Elong. y 
Strength Strength Zin ft-lbs Strength Strength in ft-lbs. 
Steel pei 2" 32°F 70°F pei pei 2e 32°F 70°F 
37h 900 65600 37 32 63 4.5500 64,900 3932s 
411 484,00 72750 39 86 a 50500 70750 37 58 77 
4) 50400 724,00 35 6 22 48500 70400 38 29 42 
4, 50900 71900 36 47750 7915 36 7 106 
356 52800 81700 3x0 39s al 514,00 79950 35 3% 48 ; 
53500 76500 3x 3 4 53750 74250 37 68 
57 59300 89100 26 ‘8 15 564,50 84,200 33 27 39 p— th — 
362 60700 87600 31 26 55000 80600 35 6h 86 
- 62100 871,00 30 3 38 617 86050 31 25 37 
63 63800 88550 31 2a 56000 814,00 35 54, & 
nental My st ina 
418 44,100 64,000 37 2. 58 4.1000 61900 35 29 8, 
415 50900 76000 36 30 «55 50000 73500 34 43 57 
4le 54.100 79100 32 2h 3k 50150 77250 33 18 27 
8 57750 84,050 27 30 «(40 52150 814,00 32 27 39 ° 
60 59000 83850 30 4k = 62 53000 81300 34 53 69 
361 59250 84,900 31 48 70 §7650 864,50 29 42 45 
4) 594,00 85500 26 ue Dw 494,00 77500 32 26 33 
364 64700 92750 27 20 26 60250 924,00 30 22 26 
: y bar ina i rh Fi Det wd Ue H 
rT heats 10 l I 
led at 1 e Globar furnace the 
irallel fi i ere ground based o \ l by 
the length of t bar to a depth of Grossman! curve ! 50 
Fig. 4 Rockwell C hardn¢ martensite in plain « e] I} 
ys were made along the flats with the distance was converted to “i ter l 
m of the i t rmined by a corrected to a grain size of To! 
wated carriag« Che grain size of the hows the results of these t« were 
was determined | electrolytically we dry ice 1 
} ae Sirine-Bead rack 
hing the specimens, etching with Cracet time to br 
l-picral and photographing two suit- Cracking tests were made on specimen ture As] , 
microstructures at a magnification of approximately 4 in. long by 2 in. wide with the coolant a ly vy 
) diameters. A grain count was made the direction of rolling parallel to the 4 the automati A b 
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heat affected 
— ‘ then examine 
Sy tion of 100 diameter 
HALF SIZE FULL SIZE in this report 
the mount of 
WELDING TECHNIQUE he amount of 
100 AMPS -25 VOLTS~@ IN./MIN. TRAVEL indicates no v1 
AWS-E6OIO ELECTRODE- DIAMETER small crack; 
REVERSED POLARITY 
CcTac k 


TEMPERATURE 


10°F (-12°C) 


Fig. 5- Bead-Weld Cracking Test Speci- 


to | long was deposited on the fact The weldal 
along the center line of each pecimen in study may be 
the direction of rolling using the !/,-in yield strengths 
diameter electrode with a welding tech ured by the angle 
nique of 100 amp., 25 v., reversed polarity, the bead-weld ni 
and 8 in. per minute travel in a horizontal the yield str 
plane The same welding technique wa and 9. In gen 
employed for pecimens prepared at room the ductility de 
temperature Increases and ¢ 
Transverse sections of the bead-weld cut acteristic yield 
from the center of the weldment wer For a given 
rough polished and then finished by ele« was the lowest 


Table 3—Bead-Weld Nick-Bend and Cracking Test Data 


a 
trolytically 


nentary 


BEFORE WELDING iround the 
AND 75°F (24°C) TO (29°C) 
Fable 3 giv 


shown in 
men 


Experimental Mn-Si Steels 


e at SHORT STRING 


CRACKING TEST 


polishing and 


ae 4 1°, nital solu 


etchant 
d for 


give 


XXX 
weld in the 


*hotomicrograph 


Figure 
Discussion of Bead-Weld 


ngth 


rth-duc 
yield 


te Plate Weld Welded 


Steel Specimens Specimens Specimens Specimens at 10°F at 70 
401 83 50 75 53 OK OK 
4,02 86 54 77 51 OK OK 
419 85 41 67 43 OK OK 
406 68 43 62 45 OK OK 
379 71 81 52 
376 7h 52 86 _ CK OK 
409 79 7h 51 OK 
410 3h 32 OK, OK 
405 78 42 79 46 OK a 
345 55 27 72 3x0 OK OK 
373 60 48 8&7 56 a OK 
378 69 45 77 48 OK OK 
371 7 fads 88 49 OK OK 
404 85 39 71 45 OE OK 
407 75 5] 77 Ad OK OK 
403 41 71 4) OK OK 
4,08 vet 39 71 45 is 4 
375 70 35 68 48 a OK 
377 83 41 Th 46 
397 69 33 & 30 aK OK 

47 72 25 OK OK 
351 60 17 69 a OK I 
352 38 16 80 16 m ox 
350 41 10 62 17 pe 4 OK 
347 50 lh 65 OK 
35 9 55 13 OK 
49 46 9 55 9 x = 
355 3% & 53 9 mm x 
353 38 7 58 OK 
354 37 6 57 10 x OK 


Rick- at Maximum Lo SHORT STRING 
CRACKING 
Plate te We 

Steel Specimens Specimens Specimens Specimens _at 70 
37% 70 53 78 63 OK - 
4 & 48 78 47 Ob OK 
413 19 42 73 51 On 
41, 68 45 75 Ok x 
356 50 21 68 22 Or OK 
412 57 31 75 ok Ok 
357 bbs 10 68 u x OK 
362 36 2 79 ls xx x 
359 33 8 62 
363 3 8 61 B 


Experimental Mn-Si Steels with Titanium 


WELDING 


the 


Values in parentheses have been adjusted for 1* thickness. 


* 7/8 inch Plate 
e* 3/4 inch Plate 


RESEARCH SUPPLEMENT 


etching in a ganese steels with vanadium or 
hydride reagent.* le than 0.01' the ductility 
1S¢ i supple perimental manganese-silico 
required Che oO iat better and compat 
specimens wert with the commercial ingane 
it lagnifica and manganese-vanadiun 
Bit i lack ol correlation betwee \ 
qualitative index of and weld ductility for t 
pre OK teel nay be caused by : 
only on factor uch as melting pra 
1¢ O ore large time and temperature, and fin 
king complet ly peratures in hot rolling Phe ae 
ieat-af ted zon manganese-silicon steel th ‘, 
of these test mdition with vanad ; 
typical cracks ar‘ vddition is the most satisfa 
teel ested rhe increase 
trength obtained fro all 
i Nick-Bend Results : 
tion Vanadium tital 
Is in thi pletely remov by nor 
on the ba ot lt = 2 All perimental st 
tility as mea a slight increase in weld-ben 
aximum load for the normalize condition a 
test related to vith the as-rolled condition (Fig 
wn in Figs. 7, 8 S 
all types of stee If an angle at maxi load 
the yield strength juired for satisfactory wel Hy 
we. 
el has a char trength of approximately 5 
tilitv relation be obtained using mangan¢ ili 
ngth th ductility Che manganese-silicon steels wi 4 
commercial mat or vanadium will permit yield st: 
Experimental Mn-Si Steels with Vanadium i=. 
Nick-Bend Angle at Maxinum Load Degrees SHORT STRING 
__AS ROLLED NORMALIZED T ST 
Plate Weld Plate Weld Weide: | d * 
Steel Specimens Specimens Specimens Specimens at 10°F _at 70° 
418 89 50 74 47 OK ‘ 
415 68 29 68 39 OK * 
416 59 32 oO 33 OK OF 
358 40 16 58 23 OK ’ 
360 42 u 53 17 m oF 
361 40 10 57 OK 
417 58 30 78 38 OK OF 
36k, 30 5 45 10 x On 
Commercial Steels (As-Rolled 
Nick-Bend Angle at Short String 
Load ~ De Cracking Test 
Steel Specimens Specimens 70°r 
420 73 OK OK 
333 65 19 I OK 
73 19 x Ox 
334 72 26 
7% 26 x 
392 70 42 Ox OK 
70 42(35) m 
3% 61 oa 
3808 30( 23) m 
395 67 28 OK 
367 a7 19 x r 
382 n 28 OK 
42h 47 13 «a 
383 63 25 mx m 
sale 63 34(19) m ox 


APRIL jo, 


et 
Pla 
3 
2 
3 


One Large Crack (xx) Numerous Large Cra 


Fig. 6 Photomicrographs of Typical Under Bead-Weld Cracking Test Specimens 


EXPERIMENTAL (AS ROLLED) STEELS EXPERIMENTAL (NORMA 
— Mn-Si wit 
Mn-Si with Vv 
> x 
> 
5 
« 
\ 4 
> KA z 
~ 
r=) 
C 
A 
0 20 30 40 so 60 
ANGLE AT MAXIMUM LOAD — DEGREES ANGLE AT MAXIMUM 


Relation of Yield Strength and Nick-Bend Angle fo: Fig. 8 -Relation of Yield Strength 
Experimental! (As-Rolled) Steels Experimental (Norma 
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No Cracks (OK) Vne Sm ail Cr ack (x) 
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8 360 6 421 Commercial Steels 
349 373 66 
Bead-Weld 353 3 421 Vickers Quench Her 
354 409 42 Steol _10 kg. load vi ckere 
Experimental Mn-Si Steel Experimental Mn-Si Steels with Titaniun 333 283 57 
393 67 
Max. 334 299 6 
Vickers % Max. Knoop Vickers Quench Hardn, Knoop 34, 279 56 
Stee 10 kg. Load Quench Hardn. 500 g. load Steel 10 kg. Load Vickers 500 g. Load 
Vickers 391 29, 63 
a ean 374, 225 52 300 392 292 66 
411 2%1 51 292 38d, 27 “3 
401 2, 47 300 413 302 bi, 308 385 261 58 
402 231 54 235 414 281 64 358 386 322 67 
419 255 53 316 356 313 56 334 
4,06 273 55 316 39, 322 69 
379 235 55 300 412 290 62 353 3% 28, 59 
357 351 66 421 380 330 67 
376 216 43 B5 362 387 73 421 395 268 61 
4,09 230 51 3 359 3% Te 379 367 287 61 
41 299 59 8 363 383 76 i) 
247 54 y08 382 289 62 
247 5 325 302 66 
Ex ntal Mn-SiS ‘anadiun 383 299 64, 
373 225 5 314 381 319 65 
378 221 5 285 
37 225 285 
403 262 54 316 Steel 10_kg. Load Vickers 200 Load 
408 221 60 338 418 233 54 a can be made regarding th 
375 24,3 52 300 415 287 61 333 teels as the behavior is infl 
377 258 37 348 416 317 67 338 
397 295 60 358 358 327 63 352 Variablt peyona control in these t 
345 319 60 363 Discussion of Maximum Hardnes 
351 345 61 sea 361 397 82 4, 
34,7 354, 64 390 show an increase it) maximt 
Table 5—End-Quench Hardenability Test Data 
Experimental lm Si Steels Experimental Mn Si Steels With Mtanium 
Jominy Dr Grain D; Correct Jominy Dy Grain Correct 
Steel Distance Observed Sise - S. 2.0 a Steel Distance Observed Size G. 3. 2.0 > 
401 -100 1.20 4.2 1.42 10.4 37% 1.15 hol 1.39 10.7 
402 .065 1.05 1.23 8.4 411 120 1.30 3.9 1.50 11,2 
419 115 1.30 3.2 1.43 9.8 a 
356 2170 1.55 3.8 1.72 12,3 
° ° - 3. 1.59 12.6 
376 090 1.15 4.3 1.38 9.8 ale 135 1.40 3.7 
109 +130 1.35 3.5 1.51 11.8 357 -130 1.35 3 
410 0155 1.45 3.8 1.66 12.5 4.6 
095 363 +310 2.15 2.60 30.7 
373 0.95 1.15 166 
378 115 1.30 4.3 1.55 13.3 
371 -060 1.05 4.3 1.25 He" Commercial Steels 
4,04, -130 1.35 3.8 1.55 
407 -115 1.30 hol 1.55 12.0 420 -060 0.82 3.3 0.90 3k 
333 20 1.7% 3.7 1.93 17.5 
403 135 1.40 3.4 1.56 11.7 393 ° 1.48 2.6 1.55 —_ 
408 1.45 3.8 1.66 13.7 334 1.77 3-8 2-04 
375 +125 1.35 1.60 12.7 +200 1,68 3.1 1.62 
77 +105 1.25 4.0 1.45 10.8 - 
1.60 3.2 1.75 391 +150 1.42 3-9 1.63 13.3 
392 2175 1.57 1.90 
346 1.55 3.8 1.72 12.9 338i, +190 1.60 1.5 1.50 
351 -180 1.57 1.9% 15.2 385 1.50 1.0 1.40 
352 .180 1.57 3.8 1.81 13.2 386 +200 1.70 1.5 1.60 , 
50 22 1.80 2.05 16.7 
39, .180 1.59 3.9 1.92 18.2 
396 +200 1.68 3.5 1.99 19.1 
- 200 1.67 3.3 1.85 4.2 380 +220 1.75 1.5 1.70 13.5 
1.85 3.8 2.12 13.7 395 1.53 3.5 1.88 18.8 
355 2.09 367 2.46 2.75 37.8 
353 +205 1.70 3.5 1.90 14.1 ; 
1.8 2.03 16.4 382 1.55 2.9 1.65 13.6 
354 240 5 3 424 2.03 3.5 2.32 
383 +260 1.98 4.0 2.32 26.9 
Experimental Mn Si Steels With Vanadiua 381 +265 2.00 3.5 2.2h 23.5 
418 o1k5 1.45 3.5 1.63 13.7 Dr' - Ideal Critical Diameter Corrected to Grain 
415 +155 1.45 3-2 1.59 12.6 Size of 2.0 
Dy" - Factor for Carbon Content at Grain Sise 
360 1.87 4.6 2.27 of 2.0 
361 +335 2.26 hud 2.73 35.8 
417 +215 1.75 4.1 2.05 21.7 
364, «255 1.92 4.1 2.25 20.4 
250-s WELDING RESEARCH SUPPLEMENT Al 
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(AS ROLLED MMERCIA STEELS | | T 
| +Ti (OVER 5% | | | G= EXPERIMENTAL Mn wit 
@-Mn < % 
4 + + 
° 60> + + + + + 
8 
- 
| 
: 2 
| 
+ + + 4 x 4 
| | z | 
| | 
a 
| | 
> | 7 + + + 
| 
4 
t = | 
¢| STEEL) 
ANGLE AT MAXIMUM LOAD — DEGREES RONESS WEAT arrect 
¥. 9—Relation of Yield Strength and Nick-Bend Angle for Fia. 11—Relation of Yield St , M \ 
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N CONNECTION with this comprehensive descrip 
tion of an improved method of using the tee-bend 
test for estimating the welding quality of plate steel, 

the authors have presented in rather extensive tabular 
form a large amount of test data on many types of steel. 
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Angle at Start of Knergy Compared H 
Check Analysi Yield Failure, in Degrees vith Standard 
Point, Max. at Min. at Ma at Min. at 
M Psi 2 I 2 I 
19 960 129 f (500 
OH] 7 O10 t d 
O8 O75 53100 i] | 
0.17 ) 022 18,620 29 118 High ( ; 
17 O45 53,900 Jt ( 
| 0.82 ) O42 11 480) 129 | 
0.68 1040 18,240 68 
if 94,160 ) ( 
} { SSO } J 
92 ) O2¢ 16 520 1( 
Zu ba 


Mn-\ 


f not meeting the Navy requirement for yield pendent investigatior Chi earl 


wing to a combination of low contents of carbor stood as applying to plate steels to be test used 1 * 
nese or titanium. Nos. 172A, 172] and 172! the as-rolled conditio1 he writer's recomm« 
t high C, at least for their manganese and in the report mentioned above rO a 
ium contents, and this may apply also to 172Q for carbon and 1.35°, for manganese in steels with 0.01 to 
ume data are lacking Nos. 172L and 172N hav 0.0 titanium could now be extended 1 ly t tee] 
t rbon and manganese too high Nos. 163C and D, withupto 0.023% titanium to include the authors’ sampl 
72C and D have too high titanium for satisfactory 63H No other sample of theirs falls within this 
without normalizing, as was noted above The ficati ki 
eight steels are satisfactory according to the , 1 a 
For 1 iwanese-titaniu we el witl 


umed requirements. 
Using the yield strength and a weld-bend angle at .”°. , SPE 


now recommended uniess the t iT iT’ rmaized 
- before ust Phe maximum carbon 1n th e snoulk 
is Satisfactory, at least for this one grade of steel, , 1 +1 7 
ind somewhat more informative as well as simpler, than Maat thy = 
relying entirely on the authors’ suggestion to combuins 14 +] 
the strength and weld-ductility factors in a single energy but t1 
maxi! ) inst ) ‘ 
ilue through their new method of testing 
\lthough the authors’ results are in fairly satisfactory Chis proposal 1s offered only tentat t 
igreement with the conclusions we reached from tests on ind should no doubt be checke vit 


lewer samples, a somewhat modified specification for further samples before definite adoptior uuthor 


manganese-titanium steel can now be suggested on the deserve much credit and appreciation for maku 


basis of the results obtained from both of these ind manv interesting data availablk 


\ common method of preparing tch impact 
Notch Impact Tests of mens ofweids consists in depositing the rod inan ange 
+ iron and machining a specimen from t thi 
Gas Welds method is not suitable, because the de} ! : 

tremely hot during welding and al ent 

be lost In the present investigation this method w 

By C. F. Keel not used Instead, welds were 1 le (ngh vel 

ing) 1 lates 1 thicl rewel 


N MAY and June 1944 we conducted a series of ifter welding, the time to complet test te y 
notch impact tests on gas welds made with four = min Kigh | 
different filler rods and two welders The rods were from each plat Che results are summarize abl 


M—0.05 C, 0.51 Mn 


A3 Mn, 0.29 Si t The act va 
| MOT 14 


r\ 0.18 C, 1.16 Mn, 0.28 Si, 0.47 Cr, 0.32 Mo. Soudure, 1937, 
255- 


: 
|. aod 11 Loe 57 124 
tor 
iuthors 
naking s 
for stud 
\ 
By ( le 34 7 ember 1044 tio 


Table 1—Effect of Filler Rod, Notch Position, and Welder on 
Notch Impact Value of Torch Normalized Oxyacetylene 
Welds 


Average Notch 
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i-ffeet of Notch Position, Fig 
Position 1 
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Positi 2 ) 
] ) il 
ftect ot Welder 
Welder M 16 14 
Welder D 66 


Each of the filler rods yields high notch impact value and 
12", of the specimens were not broken by the pendulum, 
which had a total energy of 15 mkg. Notch position 
in the fusion zone yielded the highest notch impact value 
Ot the two welders, welder D was less experienced than 
\I and required twice as long to compl te a test pl ile 
yet the notch impact value of his welds was only slightly 
lower than welder M. Four factors appear to be im 
portant for high notch impact value: 


The composition of the filler rod. t 

2. Rewelding the root. 

3. Brief torch normalizing. 

{. The welding method, right-hand welding. 
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Fig. 1—Swiss Standard Proposai for Locating the Not 
Notch Impact Specimens 
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Model Tests of Weld Reinforcements 
or the Hatch Corners of Welded Ships 


By Commander G. L. Smith, U.S.N., (Ret.) 
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Tests of Thick Plates with Prestressing Welds Specimens 319. 320 and 321 were n ecia 
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e openings and the welded beads are givenin Table 2. photographs, Figs. 19, 20 and 21 a 
ire shown in the photographs referenced in that Che tests on some of the spec ted ssible 
lack of uniformity in the distributi e testing 
Specimen 509 was made up to match a model tested at machine loads, as applied across the width of the intact 
e Taylor Model Basin in a previous series; itislistedin plate in the model. Specimen 3 " therefore fitted 
lable 2 as Specimen S. Like Specimen 309 of this pair, with eight metalectric strain gages, four each side of 
specimen 5 was cooled to a relatively low temperature in the plate underneath the upper lo Phe gage 
rt to produce definitely brittle ilure. Compatr vere place hown in thi Wi 
the results of the two tests, Specimen 309 with wel During the pulling of Speci ted that 
eads broke at 365,000 lb. while Specimen S without the strains were localized off the middl the 6- by 12 
| broke it Ib The diffs rence, 6? OOO lb., 1! openn’g, with littl evid L! eCXCE strains 
| 
: Table 1—Characteristics of Exploratory Specimens and Results of Tensile Tests 
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However, neithes 
he larger specimen could have 


show 


the decidedly \ welding material superior to the standas 
il pairs Ove! KA electrode in yield strength and ductility wi 


doubtedly have produced some improvement 


view of the generally excellent performance of thi 
beads on these specimens, this feature is prol 
secondary importances When a _ prestressin, 

made to full scale on a ship, it is proposed that th 
run lengthwise of the weld area, about as show: 


306 and 312, are shown 
' double beads in Figs. 4and 5. “lwo or more bea 
| to inclusive, and in the : 
be laid at each corner and would be of varying let 
isier Comparison they are > 
ivoid a sudden termination of shrinkage strain: 
As the thickness of the ind if] 
and ‘Table give the results 
lies in the region where the size and scale effect 
of in. plating, and 
determinate, too much reliance should not be pla 
the performance of these models as affording pre 
in. plating. 
of full-scale performance with plates of in. or 
thickness on a ship. 
Despite these various shortcomings, the t 
unnustakable evidence of considerable advant 
model tests of this kind use of welded beads for prestressing ship m 
in another Taylor Model locations where cracks may normally be expect 
all too narrow to give an severe Service [t is rather surprising to not 
the structure of a ship's idvantage is much greater than would bi pect 
the thickness nor thi iny increased strength due to the welded bi 
been increased In this connection there 1s included 1 \y 
the maximum load on the mathematical analysis of the general problem pr 
in view of the ible 1 the introduction, which was prepared by (¢ 
1in the various models Westergaard, U.S.N.R., who was on te1 
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long, 3/4 ir f “ 
z/ 4 
\7 
| 
\7 ‘of sas 
\/ 
\/ 
the Taylor Model Basin during most of the period Basin stafl Chis analvsis, quot \y 
these tests were being made This analvsis shows cates that of the two comparisot 
the advantage to be gained by introducing initial sL1, the specimen with the welded bea sorb 
mpressive strains can be computed with the formulas 35°, more energy before fracture than that ut t 
en im his analysis. beads. In this case there was pp I 
\lthough the capacity of the ship material for absorb in yield strength or ultimate load, although t lifferes 
energy 1s not a primary consideration here, as it shown in the photographs ts stril 
iid be were the material to be used as part of a struc 
to protect against underwater explosions, the Appendix l 
wity of the assembly to absorb energy is nevertheless 
idered a definite indication of its ability to resist 
rupture and fracture. Stopping a Crack by Locked-up Stress 
\n analysis of the increased ability of a structure pre 
ressed with welded beads to absorb energy has been fle 
made by Messrs. Cohen and Stiller of the Taylor Model Commander G. L. Smith, U.S.N. (Ret David Tavlor 
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Test REsULTs and «, 0.334 If the bar had been solid, then é, wo We 
an bee 0.390 for an axial strain of (0).7 he test 
Combined Stress Test. I'wo series of five tests each were run een > ior an axial rain ol €, .780. In the 
O50. the an diamete TY) ‘tically 
ov, e mean diameter remaine TAC Ally 
yn the tubular specimens. The first series was spread out over eo - — d practical 
and all the necking occurred in the ill thickness. In t} 
the full range from pure axial tension to pure circumferential ; 
7 where 0.750 and 0.762, the mean diameter iy 
tension. The ratios of n were 0, 0.50, 1.00, 2.00, and The 
locally in the region of the fracture. The fractures in the 
stress-strain diagrams are shown in Figs. 5 to 9, inclusive. ; 
. . tests occurred along the planes ol maximum shes stre 
Ihe second series was run in the range of stresses where the frac- — 
¢ | . at a value of approximately 55,000 psi. There was ver: tle 
ture changed from a circumferential break to a longitudinal crack. all th 
owe _ dillerence in e appear ce ol the Iractures in all the test 
[he stress ratios, o,/¢,, were 0.750, 0.762, 0.775, 0.800, and f led 
0.875. The stress-strain diagrams of these tests are shown 
In only one test o,/¢, = 0.775 did the fracture occur 
Va . singie plane of r,. Most of the fractures occurred part 
TABLE2 ENERGY DATA 
A i-lb 
\ y —T at n S JS aide JS érder in,* 
A 0 66000 66000 
| ] 0. 43700 580 1260 45500 
Me 0.750 42140 12750 2310 57 2( 
0.762 39020 12970 54100 
KY A } 0.775 20170 9840 530 31540 112 
A 0.800 15000 R380 1250 24630 
AN J Tre 0 75 7620 6880 RAO 15380 is 
1.00 5360 930 16140 
‘ 2.00 770 4070 545 539 
= 310 9450 430 
CTS 
Po i © one and partly on the other plane of the principal shearing 
oa | | Ttr 5 ry. Lhis shearing stress 7,, was the maximum shearing 
\ Z in those tests where ] 00, 2.00 ind The st hy ‘ 
0.775, 0.800, and 0.875) ruptured along plan 
neither the shearing stress nor the shearing strain wa 
mum. The magnitude of the shearing stress on the 
rupture was much smaler in the latter six specimens t 
vi 55,000 psi of the other four already noted. The fr d 
Fie. 15 Locations or PLANES OF PRINCIPAL SHEARING STRESSES the three specimens, where o,/¢, 0.775, 0.800, and 0.87 
hard to *xplain. From these results it appears that 
in Figs. 10 to 14, inclusive. ‘The stresses and strains are plotted maximum stress nor a maximum strain can be used a 
as though they were all positive in order to conserve space. forfracture. The stresses and strains considered so far, | 
The radial stress and strain in each case are negative, while in have been average values, and no account has been take 
pure axial tension, o;,/¢, 0, the tangential strain is negative, manner in which they may vary with the radiu Thi 
and in the circumferential tension test, o,/¢, = ©, the axial will be discussed further, later in the paper. 
strain is negative. It is necessary to use the proper sign of these The values of the energy per unit volume of the mat 
values when computing the energy of distortion. the ruptured section are given in Table 2. The highest 
Four of the test pieces, in which o,/¢, = 0, 0.50, 0.750, and specific energy, 66,000 in-lb/in.*, was found in the pur 
0.762, broke with circumfere tial fractures. The failures took tension test. In general the energy decreased as the 
place approximately along planes of the principal shear stress, the tangential stress to the axial stress increased. | 
ter The locations of the principal shear planes in the tubes case where the two principal tensions were equal (¢,/0, 
are shown in Fig. 15. In the other tests the fractures were the energy dropped to 16,140 in-lb/in This drop in tl} 
longitudinal cracks along the planes of the principal shear stress, energy, however, was not unilorm as the ratio ol the 
tte. Figs. 16 to 19, inclusive, show the fractures; the stresses increased. The value for o,/¢, = 0.50 appears to be low 
and strains at fracture are given in Table 1. may be partly due to the fact that one of the principal 
In the pure axial tension test, both the mean diameter and the practically zero in this test. 
wall thickness necked down. The mean diameter did not neck The specific energies, given in column 5 of Table 2, re; 
down as much as that of a round bar of solid cross section forthe the amount of energy absorbed by a unit volume of the m 
same extension. From Table 1, it can be seen that ¢, = 0.780 when that element has been strained up to fracture ur 
TABLE 1 RUPTURE DATA—TUBULAR SPECIMENS 
tation = ot/oa 0 0.500 0.750 0.762 0.775 0.800 0.875 1.000 2.00 
se 51600 63900 54600 55200 58900 58000 57500 51800 25000 
at 0 31900 41000 42000 45500 46400 50300 51800 50000 
as 113000 107500 108300 106600 90200 83000 74400 68300 33500 { ‘ 
a 0 55200 101400 101400 84500 7R5OO 74500 79000 71200 
a 0 2600 3300 3400 3600 700 4000 4100 4600 
ie +0.780 +0 501 +0. 502 +-0. 469 +0.277 +0.219 +0.129 +0.098 +0.022 
-0.334 +0.012 +0.181 +0.181 + 0.154 +0.138 +0.119 +0.149 +0.117 
—~0.446 0.511 —0.683 —0.650 —0.431 0.357 —0.248 —0.247 0.139 
tr 0 28800 52300 52400 44100 41100 39700 41600 37700 
See 56500 55000 55800 55000 46900 43300 39700 36200 18900 
Fat 56500 26200 3500 2600 2800 2200 0 5400 18800 
Ste +0.112 +0.523 +0. 864 831 +0. 585 + 0.495 +-0.367 +-0.396 +0, 256 
yre 1.226 —1.012 —1.185 —1.119 0.708 0.576 0.377 0.345 0.161 
yet +1.114 +0.489 +0.321 +0.288 + 0.123 +0.081 +0.010 —~0.05 0.095 
in 53300 46100 « 51000 50700 43000 39800 37400 37000 30800 
yn 1.106 0.827 - 1.000 0.948 0.617 0.510 0.351 0.351 0.175 " 
Ratio at 
rupture 0 0.513 0.937 0.953 0.936 0.935 1.000 1.155 2.125 
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tal volume would be a different value and would be difficult 


obtain accurately This value would probably also 
th the manner in which the material was stressed, but it 1s 
t likely that it would change in the same amount as those 
ergies shown in Table 2 It is clear, however, that the amount 
energy absorbed in the fractured section depends upon the 
ount of necking which occur Thus those specimens whit h 
ere free to neck down showed higher values of specific energy. 


in example of this, the pure axial tension test might be com 


d with the pure circumferential tension test, or the test where 
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For the tests at the upper end of the range (o,/o, = 1, 2, ), determination of the exact value of the strains at the ult 
the load increased up to the time that the fracture occurred. load is almost impossible 
Thus the specimens which broke with a longitudinal rupture As a means of comparing the behavior of the materia 
t 
appeared more brittle than the specimens which failed by a the various conditions of stressing, the curves in Fig 
circumferential rupture. The difference was wholly due to were prepared. The maximum principal shear 
the relative magnitudes of the principal stresses but was largely rmax are plotted against the corresponding natural 
due to the shape of the specimen. ‘This would seem to indicate  -ymaa, in Fig. 20. The points for those specimens whi 
that, under combined stress, both the type of fracture and the with a circumferential r ipture are plotted in the group t 
amount of energy absorbed before fra depend to a great left. The curve is drawn through the points for the axial t 
extent upon the shape of the structure and the freedom which test. This curve repeated without points thret 
the members of such a structure mig have to extend and to the right where the points for the other tests are plott \ 
neck down of the point re t OVE urve r the p 
It would be interesting to know what r cent of the test. In Fig. 21, the octahedral shearing str ™ 
specific energy at fracture, as given Table represents the igainst the natural octahedral ring strain, 7, 
work done before the maximum load was rea In the pure are grouped asin Fig. 20. Here most of the test point 
axial tension test a rather small part of the 66,000 in-lb/in.* was the curve for the axial tension té In this investiga 


absorbed prior to the beginning of nonuniform straining at the 


ultimate load, while ir 


the 


pure 


circumferential 


tension 


there was very little localized straining just before rupture. 


test 


In 


the latter case, the entire amount of the energy seems to have 


been absorbed before the ultimate strength was reached. 


It is 


lifficult to determine the amount of work dorie per unit volume 


of material before the ultimate strength is reached, because the 
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to ht a common curve 


in Fig. 20 
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was 


he maximum she 
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results of 
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average value o 


as plotted in Fig 
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\ 
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a 
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| 
d. The curve fit in Fig. 21 was improved by considering partly explained if the material were anisotro \ithough the 
f th r al alt} } al ‘ matari m all tha } Lat tar 
tect of the principa stress, although this alone was material in all the ests benaved As iSOU!I Lteria erore 
gh to explain the difference between the steel and the the ultimate trength was reached L is conceivat that some 
test rhe effect of neglecting the radial stress ¢, in the lirectional properties may exist which wou » make the 
tation of T, 18 to decrease the value of the octahedral material Weak in the tangent 1) tio [wo t t mn the small 
g stress for any given strain. This would lower the point tubular specimens, shown in Fig. 3 re run t mpare the 
the tests except the pure axial tension test and would thu lirecti i. propertie ihe test results t 1 th the results 
greater § atter of points in Fig. 21. f the pure internal pri ire test on 1 I I men are 
m Solid Specimens. ‘The stress-strain diagrams of thi hown in Fig. 22 Chere ve! tt iffer etween the 
ir tests are shown in Fig. 5, along with the pure axial ter fracture stresses or stra f the si t I t three 
t on the tubular specimen. The stresses and strains at irves he very close together r} e tul ’ broke 
re given in Table 3 rhe curves in Fig. 5 are quite 
hape, but the extension e, and the stres rupture 
as the ratio of the thickness to the width increas lr $ 
e tests the ratio at fracture of the strain in the direction . e 
lth to the strain in the direction of the t! ne 
‘ eases as the ratio of the thickness to width decrease g 
4 
the round bar, or in a bar of square cross section, the rat < 
inity tor isotropic material In a bar of rectangular 
ection, this ratio is also unity for uniaxial tension up to ie FS 
nt where necking begins After this point is reached © sal 
the strain in the direction of the smaller dimer n 
ne proceeds at a greater rate than the strain in th “ PEC MED " “a 
the width. This peculiarity makes it difficult to he a atari 
e the properties of material at fracture ; = ¥ 
} AS A 
the strain-hardening range, some relation exists which regu 
the distribution of the strains at any given instant A Fig. 22 Pure In {NAL PRESS 3Ts 
ut,? two different theores exist which app Line 
tribution in a body subjected to combined stress, but it a ver sti and also a ver str l ably due 
‘ ire tension test both theories agree t] t «&, and «, s! j to t act that the ’ n 
to each other and should be equal to minus on n with the larger tu 1 tl ma mort 
t ti i Che relationship, according to t ipport from the end 
r vor thy hy the The e test i licate that ther ; trop 
+ yrapt planes nor! to the x i ns 
? 
\ y vere made [trom sectior ir the i 6 
y 0.775) and ar n | 23 r Fig 
é, a “aw i L i i 
9 
2? rv litt hangs +} 3 the 
ir. thi tin nara + x ible 
So T 
~ the g gitu he 
2 
° lm pac is hers nr r tea of 
ior a round bar or tube. is the sub 4 
é ts need to be changed to adapt them to rectangular cro , , a tree 
te that the ‘ t t t rectio 
When a condition arises where these or corresponding ma in O! 
t unnot be used, it is practically impossible to 1 ea impace test 
tical ana of the stresses and strains inv 
tubular specimen tested in pure axial t t ; : 
I me of the tests in this senes ol 1 8] mer ra 4 IM . 
liere, t mean diameter of the tube corresponds to tl vidt , 
the w t ness responds to the tl ! t 
It wa ind that the ratio of ¢,/e, for the tubu ) 
ture vas | fits well with the ratio ~ 4 4 84 
he difference in the rupture propertic tw 
; vent il rm ; f thy 4 ibu r r 
rARBLI 4 Ws \ 
‘ e stress 
x 767 ‘ 
4 ‘ 
kne ‘4 
ue 
*M tf kness to wl 
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Fic. 23 OF MATERIAI 


B, Before test, perpendicular to axis of bar A fte 


axis of ba 


cut from the tangential direction was 5.1 ft-lb, while the energy It may be well to consider now some factors which affect th: 
for those cut from longitudinal direction was 6.8 ft-lb. Thi distribution in the walls of a tubular specimen. 

represents a reduction in strength in the tangential direction of In the pure axial tension test, after the neck has start 
25 per cent. From Table 1, the average shearing strength was develop, the material is no longer under pure axial tensior 
40,400 psi in the tangential direction and 55,600 psi in the longi- cumferential stresses are set up to hold in equilibrium t 
tudinal direction. The reduction in strength in this case was forces in the tapered sections of the neck. Some idea 
97 


27 per cent. These tests seem to establish that the material was magnitude of these stresses may be obtained by neglecting 


weaker in the tangential direction in so far as fracture is con- bending stresses in the tube wall. When this is done, th 
cerned, and this is probably the best explanation of the relatively may be treated as a thin shell in which the stresses are giv 
low fracture stresses in the tubular specimens which failed by a _ the following equation 


longitudinal crack. 


krrects Wuicw Cause Srresses To Dirrer From AVERAGE T 
Tr ry h 
VALUES 
Circumfe rential Stresses in Necked Regiens. It has already In the pure tension test the pressure is zero and | quati 


been stated that the stresses and strains used were average values reduces to 
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lel to axis of bar, D 
MAY 


the tual stresse resent after 1 
= 
r 


‘ } ++ i+ liffar ‘ P } 
iin er lifferent constants uid ised me re 
ym. Dut r tl ike ot convemuence thev have een t might | expect it + ¢ ; ty tect 
ie t in Ut! ey | Gu Is the axia ta 4 
: r ved from the necked region, then surface 
wh cos*é 28 
= average stress was not a maximum. it that sol 
dx? DATLICUIAT poln ) ) ] I | 


- 
ixial stress then becomes failure may have weaker tl 
‘ where the iverag tre 


: distribution in the wal i the tubu 
For small strains the we cnown ¢ lat 


Ta” 1 + (2aAra)*r*e~ a} 


* When this expression for o, and the proper expression for t! 


= 


radius of curvature FR are substituted in Equation [25 he 


tangential stress is 


ef Fig. 24 shows a plot of the radius, the wall thickness, and the - ' - 

I the axial and tangential stresses as a lunction o! the 
tance fr m the enter of the necked region Phe mstants 


tants make the equations correspond quite well to the tu 


Na ised were r 0.600.hA 0.088, A 0.250, and a 1.35. These At ns 
> 


« \ 
OuUTSIOE RA ro / 2 
MEAN RADIUS 
INSIDE RADWS 
43 ) i 
A | > ; 1 
< | 
x 
» 
x STANCE ALONG ENGH OF TUBE 
rABI \ 5 
ric. 24 Stresses 1n Neckep Part or Tus 4k SPECIMI 
it would be hard to say just how closely these stresses resemble ‘ 
e in the actual bar. The as nti that tl ending “4 
In ACTUA AI he assumption n 4 
ses can be neglected mav not be valid. but if the assumption : nS 
sccepted it is quite clear that the average stresses as used in 8 
" a 
6 first part of this paper do not represent a complete picture ol x ee 
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= 
ris the radius of the tube and is the radius of curvature curvature in the ay planes rt 
t ntour of the necked region. The variation of the radius zero, and thi r lr a, al list 
the wall tl! cme mav be expressed in terms of the dis- wou he te 
ng the ax +} tube sions which will closely, Va 4 | ‘ 
SS t ontour and shape of the actual specimens art t! ri eX t the I t t 
= re (1 — 26], 
ls ix? + dr? much higne! ig iv 
‘i 
e. stre it the central part of the neck is 17 per cent of tl , 
yy ixial stres This tensile stress decreases along the ngth of ; 
» the bar and becomes compressive beyond z 0.633 By I gy ust [ t t { 
4- a le 
z 


meu with the 
radiu 
| ible 5 shows the value ot the tr n ! { No. 6 
0.775 it the Inside amd sur ct ‘ ig 
values are also given for comparison. The tangential strain 


varies from 19 per cent at the inside surface to 12 per cent at the 


outside surfac 


In order to find the stress distribution, however, some relation 


between stress and strain are needed, and these are just the 


relations which the nonuniform straining that precedes fracture 


tends to destroy. 


distributions is to make use of Equation [23], but as has already 


been stated these equations are not valid in the necked portion 
of a flat or tubular specimen. Some such relationship is essentia 


for a determination of the stresses at rupture, and until the law 


governing the distribution of the strains at fracture ind the 
manner in which the stresses depend upon these are found, it 


will be necessary to use the average stresses rather than the actual 
stress distribution. 


CONCLUSIONS 


1 The material used in these tests was quite ductile, but th 
amount of extension at fracture depended upon the manner in 
which the material was stressed In the pure axial tension test 


the axial strain in the neighborhood of the fracture was 0.780 


In the circumferential tension test, however, the corresponding 
strain was only 0.164. 
2 The curves for the maximum shearing stress versu the 


maximum natural shearing strain, or for the octahedral shearing 
stress versus the octahedral shearing strain lie very close together 
regardless of the state of combined stress t present thi 


only be stated for those cases where the axes of principal stresses 
do not rotate with respect to the material 


3 4efore the ultimate stre ngth was reached the material 


behaved as though it were perfectly isotropic. In the solid 


The ordinary method of analyzing such stress 
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specimens 
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sections, the 


the direction of the Wi 


e same 


as the strain 


direction of the thic 
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ne 


the tubular specimen 


the ratio n 


the mear 


increase 


length of 


men 
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diameter 


or rea 


the tubul 
tested in 


pressure did not ch: 
Beyond the 


maximum load, howe 


material did not beha 


isotropL body. The 


tion of the three 


strains W 


before ne 


straining 


true even in pure axia 


a 


not the 


king or n 


started 


} i 


prit 


n if the specimer 
neither round 
cro ection 
p ited structure it 
necessary tor 
test to determ t 
it Tracture 


ippeared to be 
ecu nt 
Th is shown by tl ts te] mpact, 
6 | ture to occur W tl ring sti 
lirecti In the t tion, 
erential ruptur pp mate 55,000 psi Fort 
failed b gitudi rack, the average value of tl 
stre at fractur a bout 40,000 psi. Thi i 
strength in the tangential direction ibout the 
reduction in impact strength in that direction 

7 In most cases fracture occurred along planes o 
shearing st Ir Vhere the two largest 
stresses were near eq racture occurred on |} 
neither the shearing str ior the shearing strain 
mum. This can be partly explained by anisotrop 
terial in so far as fracture concerned 

5 The amount of energ absorbed by a unit 1 
material adjacent to the cture will depend upon tl} 
the specimen as we | as th tate of combined stre I 
piece i e to neck down, the energy absorbed vw 
In the present tests the highest value of the specif 
obtained in the pure axial tension test. 

9 After ne Ing here ire mdary sti 
which complicate the sti pattern in the necked reg 
example rked out t t, the hoop str in the 
tubu OCH in pur ‘nsion was 17 per cent o 
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A Method of Measuring Triaxial 
Residual Stress in Plates 


By D. Rosenthal' and J. T. Norton! 


General 


HE problem of measuringa triaxial residual stress is 
synonymous with that of measuring the residual 


| sage 
stress in the interior of a body for, ob 
tr | stress system can exist on the surface of a body annie at “a.” 
vhile the surface stresses can be measured directh \ 
nand } mn hv n f NS \ 
entirely nondestructive fashion Dy meal Oo vA 4 \ 
X-1 no method has been devised as vet to measure 1 7 
e same wavy the stress in the interior. The only other Coa ra A 


n which this can be done 1s by means of a relaxation Gage , Bage \ 


by the change produced in the internal situation 1 — 
uned fron he change observed on the surface 
For « nuple, if a system of residual stress exists in 
bar of steel, then by boring a hole through the eh 
enter, a change ol stress will be observed n the outet L a ‘ siiced 


ce of the bar. This method, the well-known Sac! —_-—_— 
out method, was one of the earliest, if not th , Gage 
earliest, to measure the triaxial stress situation It 
ited to long bars and tubes in which the residual stress Fig. 1—(a) Removal of a Block with Gages Att 
ern has a rotational symmetry; for example, such 
ind in cold-drawn tubes. Under these circum 

neces a known relation exists between the chang 


| 1 
measured on the surface and the amount of stress ~ 
relieved in the interior by the boring, so that the latter eo! un eg ase On 
be computed from the former 1n a relatively simple ae me 
Similar relations have been established for re« to 
ir and flat bars Successive layers of metal ar 
ed from one of the faces by means of shaving 
ng, and the amount of stress relieved in each laver is vor 
de ined Irom the ae flection of the bar. But t he very th 
mption on which this computation is based preclud Obtained through the thickn 
the existence of a triaxial state of stress. Compared 
to the above two methods, the present method has a Procedure 
much broader field of application. It is not limited to : J 
bars, and the type of stress that can be investigated is of a , , ; 


; ‘ : Betore going into further detail 
more general nature The method is particularly well 5 il be hel 

procedu Will ) neiplul ri est 
suited to the investigation of the stress situation exist- 
with reference 
ing in thick welded plates 


Suppose it is desired to determine t [ tre 
iong thie iX1 | r br 
Principle referred to hereatter tudinal ess 
] tiie iX1s ll be « lle tf 
laxation 1s then carr t as foll 
However, the basic difference between this method 
in the first step, a narrow Diock havins ull thickness 
he two others is that it applies the principle of re ; : nigh 
I f the plate is cut with its lon - eis no the 


tion in a different 


€ plat 
nanner. While the latter measure 
hange of stress in the main part of the body, the 

1 with respec LHICKTCSS, Hel it 1 umed 
ier deals only with a small element that has been " 


th t operatio } ‘ ‘ DI tre 
( Iree from the body in this respect there is som 
mil Por icling in the transverse rect 
similarity with the method used for measuring the ré 
part of the stress in the longitud) t 
1] if the Sallie U1 the 1S 1 
at tw-Fift Meet 
re ect to the thu nes twice the tft 
et fthe W ig wil later, the the ress 
Prof art 1 M 1 t he L portion ft the bl ck 18 I 
t 1.1.7 uncti the thickne In other 
295. 
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Fig. 2—-Layout of Gages Using the Principle of Symmetry 
1-1) or the Principle of Interpolation (2) for the Determina- 
tion of Stress at a Point 


of this stress is known on the top and bottom face of tl 
plate, then values of the stress relieved throughout the 
thickness are readily computed 

Che relaxation of stress on the top and bottom faces 


an be measured directly if the X-ray diffraction method 


or a special type of strain gage is employed. But, 1f the 
usual strain gages are to be used in the investigation, 
the relaxation of the transverse strain also must be m« 

ured lo this end two blocks e lo wud land one 
transverse, with gages attached are cut ft th late, 
ind the relaxation of each block is measured in the dire 
tion of its long axis. For each point investigated, two 
blocks are required and, since two blocks cannot be cut 


out of the same spot, the layout is arranged making use 
of the symmetry of the specimen, or using the method of 
interpolation, as examplified by Fig. 2. These layouts 
must be used in any case if both 

verse stresses are to be determined 

[he next step is to determine the value of the stress left 
in the block itself. To this end the block is sectioned, 
and from each half of the block, slices of metal about 
in. thick are cut, progressing from the mid-section out- 
ward to the top or bottom faces of the block, as shown 
in Fig. 1 b). At each Stage the relaxation of stress is 
measured on the two outer faces, and the amount of 
stress left in the last slice is determined either by ex- 
trapolation or directly, if the X-ray diffraction method is 
available. From the progressive relaxation of the two 
outer layers, the amount of stress relieved in the inner 
layers can be computed if it is assumed that after each cut 
the change of stress, produced in the remaining part of 
the block, is a linear function of the thickness. The total 
amount of stress at different levels below the surface is 
then the sum of the values obtained in the above two 
steps of relaxation. For full particulars, reference is made 
to the Appendix. 

From the preceding it is obvious that this procedure 
applies to the transverse as well as longitudinal stress, 
whether tension or compression; but, as shown in the 
Appendix, a similar procedure can be used for the de- 
termination of the longitudinal and transverse shearing 
stress through the thickness. The stresses acting in the 
direction of the thickness cannot be measured directly. 
However, they can be computed from the differential 
equations of equilibrium once the general pattern of the 
longitudinal and transverse stresses has been obtained. 


iwitudinal and trans- 


} 


A sample computation is given in the Appendix 


In this way, the whole triaxial residual system j 


mined. 
Experimental! Verification 
A The Removal 0} the Block from the P 
brief description of the procedure makes it clear 
ilidity of the method is based on the assumptti 


it 1s possible to obtain a linear distribution 


thickness of the stress relieved in the block at 
of the relaxation. There is good theoretical 
this assumption if the block is made long enou 
respect to the thickness, but the natural tende1 


make the block as short as possible so that 


situation can be better explored. How far on 
in this direction depends on how much the short 
the block is going to affect the linear law of rel 
To a certain degree this question can be 
theoretically, but to a technical man an expe! 
proof is more convincing Therefore, an experi 
model has been prepared to make the necessarn 
tion. 

In order to explain how this model was 
suppose that the block of Fig. 1 (a@) 1s suby 
longitudinal residual stress of th te I 
Fig. 3 at its two ends Che probl ( 
out | W iuch of th tre bee reli ( 
section ol the blo [ter lat id yer 
from thi piate Chi I )] Her tr 
ret nd the i ure 
whose I th 1s twice the 1 It er 
tress rel ec il the 1 ) hninits 
hi ear which bes I 
ilmost uniform stress distribu 
It als lows from the conditio equilibriu 
relaxes stress 1S ver ne irl] eg 1 t 41 
reliever it both end WD isl\ tmis ia 


holds no matter what is the magnitude of the 
stress. For example, if it is zero, then no relie! 
can be observed at the mid-section if the line 
relaxation is to be obeved 

This particular condition was used for the experi 
verification. Two flat bars of mild steel, Fig. 4, 

8 in., received a weld de posit along one of thei 
edges, and the residual stress pattern produced 
welding was explored by means of X-rays at the 
section of the bar. Che residual stress was found 
of the familiar pattern, tension at both edges 
pression in the central portion of the width, as show: 
in Fig. 10. <A series of narrow wire strain gag 


A-12 SR4 type, 1 in. long were then attached to the 


various points of the 3-in. width and on the t 
bottom edges of the bar, in the manner shown by | 


E = 

ba 


Fig. 3-—Distribution of Stress at the Mid-section of a Bl 


the Size Indicated Due to a Parabolic Type of Loading at F 


Ends 
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4—-Experimental Model with the Gag 


5—-Fraction of Residual Stress Relieved by Cutting the 
Mode! of Fig. 4 to the Length Indicated 


he change of strain produced by the cuts I-I, II-I] 
II-III] was measured in the direction of the lor 

the bar. By astretch of imagination these mea 
ents can be looked upon as being made on bloc! 
different lengths removed from a hypothetical plate 
e¢ thickness is equal to the width of the bar and 

residual stress pattern is of uniaxial type with 
rage stress equal to zero. The results are plotted in 


is a function of the length left after each 
ivenience the strain was converted in a per cent 


COT 


ge of the total residual stress present at the point 


TY) 
hil 


cut. 


idered, and the length was figured as a multiple of 
width of the bar, or the thickness of the hypothe tical 


the results of earlie1 rations 


In this wav 
Che plot iS Sé milog 


ould be included in the plot.* 
mic because of the large scattering and exponential 
of the relief of stress In accordance with the 
] 


of stress is observed 


a negligible change 
twice the thickness 01 


ry, only 


the length of the block is 
For brevity, such a block will be called a full 
the 


length is less than twice 


block: but when the 
ness, for example, one and a half.times the thick 
the change no longer is negligible and the linear 
ol relaxation is not obeyed. This does not nect 
{ blocks that are shorter than 


discard the use of 


RELIEVES 


kness 


Linear Distribution 


MEASURING TRIAXIAL RESIDUAL STRESS 
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proved that the linear law is valid for both steps of the 
relaxation. 


Remark 


It follows from Fig. 7 that the magnitude of the re 

laxation was different in the top and bottom part of 
the block. This difference can be explained in a twofold 

way. First, the block was not split in the center and, 
second, the bending of the two parts was caused by the 

relief of not only the normal but also the shearing 
stresses at the interface. Che effects caused by these two 

types of stress were additive in the upper part of the 

block, but they were subtractive in the lower part of the 


block; hence the stresses in the upper part were much 
higher than the stresses in the lewer pat For full par- 
ticulars see the Appendix. 


5«t 
Top 
! 
Sliced 


— > 10 000 ps 


Fig. 8—Linear Distribution of Stress Relaxed by Removing a 


rs Slice from One Side of the Block 


Fig. 9—Slice of the Model Fig. 4 with Gage Attached 


The Agreement Between Computed and Measured 
Stress 


After the experimental basis for the computation had 
been established, it was of interest to find out what kind 
of an agreement one could expect between the computed 
and measured stresses. The stresses were measured in 
one of the bars by the X-ray diffraction method, as 
stated previously. In the other bar they were deter- 
mined at various points of the 3-in. width by removing 
slices of metal 0.2 in. thick with the gages attached, 
Fig. 9. In both bars they were computed using only 
the results of the top and bottom gages. The agreement 
between the so-computed and measured stresses was 
quite satisfactory when the stresses were measured by 
means of gages, Fig. 10, but it was less satisfactory when 
the X-ray diffraction method was employed, Fig. 11 
To be more specific, the discrepancy is considerable 
only in the upper portion of the bar, i.e., the portion 
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FRACTION OF THICKNESS 


Fig. 10—Stresses in Model Fig. 4 Computed (Continuou 


and Measured by Means of Wire Gages on Both Sides 


Plate 


which was under direct influence of the heat of wel 


rhere is good reason to believe that this discrepai 


due to a superficial stress gradient produced by 
following the welding 
this situation has affected the X-ray measurement 
involve only a thin surface layer; but it has not 
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ys and the computation are in agreement by reveal- 
he existence of a superficial stress gradient, Fig. 11. 


Practical Application 


order to demonstrate the value of this new pro 
Fig. 12* shows the distribution of longitudina 


( 
nd transverse stress across the thickness of weld in a | 


, & utt-welded plate of mild steel. It is seen that, con 
to expectation, the maximum stress occurs not at 

the top layer but in the mid-thickness of the weld. For 

full particulars reference is made to the Appendix. 
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Distribution of Residual Stress Across the Thickness 
of Weld in a l-In. Welded Plate 
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Concluding Remarks: Limitations and Further Pos- 


sibilities 

Despite the satisfactory agreement between the com 
putation and experiment, it must not be overlooked 
that in its actual application the proposed procedure is an 


approximation. It does not give the local value of 
ut an average over a length and width which at best are 
half of the thickness. The linear law of relaxation in the 
middle portion of the block has been established only 


Sstre SS 


lor the case of a stress pattern which gives the same 
iverage at both ends of the block. It becomes mor: 
ind more of an approximation as the gradient of this 


erage becomes sts eper, because of the increasing 1n 
ence of the she ring stress relieved along the side 
ces of the block, Finally, the procedure is based on the 


ure 12 is excerpted from a work done in the X-ray laborator { the 
rtment of Metallurgy, M.I.T., by Lt. F. F. Pereira Pinto and Lt. M. H 
mio de Aze lo in partial fulfillment of the requirements for a degree of 
r of 1ence 


assumption that the influence of the stress acting in the 
thickness direction becomes negligibl er the block 
has been split in two, an assumption quite acceptable 
up to the thickness of 1 in., but not so obvious above 
1 in. 

All these limitations, however, are involved not in the 
principle of relaxation but in the procedure. Therefore 
it is feasible to imagine other procedures of relaxation 
which are better suited to the particular ttern of stre 
to be investigated This is particularly true when deal 
ing with the residual stress situat reated by welding 
a plug in a large plate, or by deposit the first layer 
in the bottom of a groove In bot es the X-ray dit 
fraction part of the method is likely to play a more in 
portant role than in the case of the welded plates becaus« 
of the local character of the tresse But the very tact 
that there are definite possibilities for the investigation 
of these stresses using the above-mentioned principle of 
relaxation ts a fairly good indication of it ulin 
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whereas the second term gives the contribution from 
sectioning and slicing the blocks. As shown previously, 
the variation of S’, and S’, across the thickness is very 
nearly linear, provided the block is at least twice as long 
as thick. Hence, the values of S’; and S’, can be easily 
computed all the way through the thickness, if the corre- 
sponding values for the top and bottom faces of plate 
are determined by means of Formula 2. 
The average stress across the thickness also can be 
computed from these values as the stresses left in the 
block itself can contribute nothing to the average. 
2. Correction for Blocks Shorter Than Two Times the 
Thickness.—The foregoing computation was based on 
the use of a full-size block, i.e., a block whose length was 
at least twice the thickness. When cutting a block 
shorter than two times the thickness, it was shown pre- 
viously that an additional relief of stress was prt rluced, 
which could be represented as a fraction 8 of the stress 
S” which would have been relaxed from a full-size block. 
With this in mind, Formulas 
follows: 


Fig. 14—Moment and Shearing Force at the Interface Resulting 
can be rewritten as from the Relaxed Stresses 


+ BS", — vf. 

2”, = (1 — B)S", | Jost 
= + BS", — ofS 


= (] ais. 


F 
E 


Solving Equations 3 for .S’; and S’, there follows: 


By making the length of the block equal to one and a ; 
half times the thickness it was found previously that a — 
value of 8 = 15% would bring about an error of less 
than 2000 psi. in 40,000 psi. Hence within this limit of 
error Formulas 4 become, when 8 = 0.15, E = 3 X 107 
psi., andv = 0.3: 


Fig. 15—Type and Magnitude of Stresses Resulting fr 
(a) Shearing Stress, (b) Moment, Applied at the Interfacé 


- 1. Computation of Stress by Splitting the Block in 1 

3.3 10" + 0.3e",) + 10? (0.99e" ,—0.23e",) When splitting the block in two, normal as well 

/ shearing stresses are relieved at the interface, as show: 

3.3 X 10%(e", + 0.3e’,) + 107(0.99e",—0.23e",) | Fig. 15, and as a result of this relief a partial relaxat 

= _ of stress is produced in the direction of the long axi 

Computation of tress Relieved Across the 1 hickness of oth halves of the block. Because of the linear lav 
Blow k hy Means of Splitting the Block in Two and Pro- relaxation demonstrated previously in the main bod, 
gressive Slicing. this paper, the amount of stress relaxed in this way a 
each level below the surface may be readily computed 
from the amount of stress relaxed on the top and bott 
faces of the block, by making use of equations of equi! 
rium of forces and couples acting at the interface betw 
the two halves of the block. 

(a) Determination of the forces and couples acting at 
interface: Suppose the amount of stress relaxed on 
top and bottom faces of the block is represented by 
and S"°,, respectively. These stresses may be thou 
of as being produced by a tangential load and a cot 
acting at the interface. Let 7 and MW be their va 
per unit width of the interface, Fig. 14. With refer 
to Fig. 15 the stress S”®, may then be represented 


sum of 3 components, namely: 


1, The stress 7°/0.5t due to axial loading 7. 
2. The stress —37°/0.5t produced by the c 
T 4 0.5t/2. 
Fig. 13-—Schematic Representation of Normal and Tangential 3. Thestress +617/(0.5t)? produced by the coupk 
Stress Relieved at the Splitting the Block in Two 
arts ence: 
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Equations 6 and 7 there follows 


— 


$79, + 


Determination of the stress at the interface: Know 
the values of 7 and M, values of stress at any level 
w the surface may be computed for each half of the 
k. For example, the stress relaxed at the interface 
« upper half of the block can be related to 7 and M 
formula similar to 6. If this stress is represented by 
vymbol Bits then 


7 31 6.M 10 

O.5t Oot QO. ot)* 

with reference to Equations 8 and Y 
A 
3 
5 


Similarly by interchanging and the stress re- 
ixed at the interface in the lower half of the block be 
mes, by putting S”", instead of 


y", = $”*,, then there follows from Equation 8 that 
0, and from Equations 11 and 12 that S”% 5, = 

y” In other words, the relaxation of stress be 
mes symmetrical with respect to the mid-section of 

the block, 1.e., 1t 1s the same in both halves of the block 
However, if S”°, is not equal to S”®,, the relaxation of the 

tress in the upper half is different from the relaxation 

. the lower half of the block, and there is no symmetry 
i the stress distribution with respect to the mid-section 

it | the block. 

Determination of stress at any level below the sur 
we: Suppose it is now desired to determine the value 
i the stress relaxed at any level below the top surface. 
7 for convenience this stress will be called S”®., where a 
presents the fraction of the thickness separating this 


j 


he evel from the bottom face. Then (see Fig. 16), or bottom faces of the block. 
ne ono cro With reference to the upper half of the block, suppose, 
4 (a — 0.5) Fig. 17, that the process of slicing has progressed to the 
at . 0.0 level uw, where yp» is the fraction of the total thickness 
le removed by slicing, so that the remaining fraction of the 
S = (2a — 1)S", Za 2) S05: thickness is 1 u. Due to the slicing operation the 
erie t with reference to Equation || value of stress S””,, at the level « has been changed by an 
amount which we shall call s,, so that the stress still pres 
(2a — 1)S", — (a — 1) (— 38”, + ent at this level is Sp. By machining an addi 
13 tional slice dy, a tangential force — Sy )du per unit 
width of the block will be removed from the level | 
1 = (9a — 4/5", + (1 — a) and this force will relaxe a stress equal to ds, on the 
Sunilarly, by interchanging ¢ and 6 the value of the 
stress S”° relaxed at a given level below the bottom face all 6. wh 
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Fig. 16-Computation of the Value of Stress at Level 
the Values of Stress Relaxed on Top and Mid-section of the 


Block 


of the block becomes( if a now is referred to the top face 


of the block) 


d) Determination of the stress relaxed at the interface, 
when the block 1s split in two unequal part It tor some 


particular reason* the block is split in two unequal parts, 
the stress relaxed at the interface can be computed 
using the same principle of equilibrium of forces and 
couples as outlined previously. Let u represent the 
fraction of thickness referring to the lower part, then 
the value of stress at the interface is found to he 


for the upper part 


and tor the lower part 


the value of uw referring in both cases to the lower part ot 
the block. 


hese formulas were used to compute the stresses re 


laxed by splitting the experimental models, Fig. 4 
2. Computation of Stress Relaxed by Slicing Each Half 
of the Bloc from tite Vid seclion to the (Cuter ace 


After the block has been split in two the residual stress 
still present in each half is further relaxed by progres 
sive slicing starting from the mid-section. Let this 
residual stress be represented by the symbol S” It has 
been shown previously, Fig. 8, that by removing a thin 
slice of metal, the small amount of stress relaxed in the 
remainder of the block follows a linear law across the 
thickness, and this circumstance will be used now to 
compute the value of stress relaxed at a given level below 
the surface, from the value of stress relaxed at the top 
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This expression can be simplified by observiny th. 


2} dp = (s.x 


CA 


Fig. 17. Shearing Stress Produced at the Interface as a Result 
of Slicing 


Hence: 


top face of the block. Along with the tangential force < da Jo5(l — p 
-(S”",, — Sy) du infinitesimal normal stresses acting in the ) 
direction of thickness also are removed from the level , ; 
| — uw. Because of the small thickness left, it can be By making the block narrow enough it may be as 


safely ‘assumed that the influence of these stresses is ‘that all of the stress acting in the direction trai 
negligible as compared to that of the tangential force, ‘ the long axis of the block has been relieved. 1 
once the block has been split in two. In other words, it the state ot stress on the top and bottom faces be 
will be assumed that once the thickness of the block has uniaxial. With this in mind, Formulas 13 and 
been reduced to a half inch or less, there is practically be rewritten as follows: 

no stress left in the thickness direction. When working 
with plates one and a half inch thick and more this as- 
sumption may prove too approximate, and in this case ds, dle”, "0 
the block must be split first in two and then in four, with 5s: = Ele", — e”",); - = & 
two additional gages placed on the newly formed faces. 


= Ee”®,: = 


With this in mind, the following relation exists be- Hence 
tween ds, and —(S”’, — s,)du (see Formula 10, where 
M = 0, and Fig. 15 (a)): S”**. = E X [(5a 4)e"", + - aje””, 
iad 
ds (S 1 3(S u Su) and 


ds; 


du 


Similarly at a level | — a from the top face, see Fig. 18 ; 
or since 


) [2a | + u) 
as, = dp + 3(S"’, S,) — + 
= 5 —(] — a) — — 
dSq ] 3\2a — (1+ ~ da 
= == (5 = (18) 
wo wo | 
Hence by eliminating (S”’, — s,) from Equations 17 and iy fi — zy du + (5a hye’; ae >| 
18 


Chis formula applies to the upper half of the bl! 
du du —2(1 — p) 


3a 3(S.- s dd 
This relation holds for all values of between u = 
0.5 and = a, hence: 


a ds, on du (20) 4 
5 du 1 — 
as, > AA 'AD 
But at the level a a similar relation to that of Formula AA'=BB' = - 6S,. -S.)d 2 
= 
ds, — Sa) 

da { l — AD = BC = = 3G. 


(= 


Hence, with reference to Equation 20: * 


é a 1s, 3 2 
J0.50R B Fig. 18—Computation of the Value of Stress at Level « {rom 
(21) the Value of Stress, Relaxed by Slicing, on Top of the Block 
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‘he same formula remains valid for the lower half, 
“the indices ¢ and 6 are interchanged. 
The meaning of the symbols is the following: 


but 


E = modulus of elasticity = 30 X 10° psi. for 
steel. 
a fraction of the total thickness removed by 
slicing. 
e", ore” relaxed strain measured on top or bottom 


gage for the position a. 
the relaxed strain on top, when splitting 


the block in half. 
e”’, = same as e”®,, but for the bottom gage, 
le‘da = the slope of the diagram at the corre 


sponding value of a. 


for the integral appearing on the right side of 
Formula 23, it involves all values of the auxiliary vari 
the 


ibli comprised between 0.5 and a, and corre 

sponding values of e”,. This integration is accomplished 
cally. 

Nore: When using a block shorter than twice the 


hickness, the value of stress computed by means of 

Formula 23 must be multiplied by the correction factor, 
3), as explained previously, Section I, 2. 

In the actual application @ varies between 0.5 and 1.0 


For a 0.5 
[1 de” 9 
and likewise by interchanging ¢ and } (24) 


| de”, 3 


since both values must be the same, one of these rela- 
ns may be used as a check, or to correct eventually the 
ewhat uncertain values of the slope at the beginning 
the diagrams. 
L’se of the X-ray Diffraction Technique for Com 
uting the Stress on Both Faces of the Block.—\t follows 
Formula 23 that for a l, i.e., for the top and 
bottom faces of the block, the term containing the in- 
egral becomes indeterminate. By solving the in- 
etermination the value of S”, becomes as expected: 


+ Ee", 

nd likewise: 
= + Ee", 


However, the exact value of e”, for a = 1 cannot be ob 
tained except by extrapolation. The latter procedure 
comes quite uncertain, if the stress gradient is very 
superficial. Furthermore by making the last portion 

the block too thin, for example, less than 0.1 in., a 
trection factor for bending must be applied to the 
ues of e”, and e”, to account for the fact that the 
wire strain gages are located some 0.004 in. above the 

surface of the block. 

| For this twofold reason, when the two halves of the 
Je I ck are ultimately reduced by slicing to a little more 

than 0.10 in, in thickness, it appears more advisible to 
inake use of the X-rays in order to determine the balance 
ol Stress still left on the top and bottom faces of the 
block. To this end, the wire strain gages are removed, 
nd X-ray diffraction measurements are made at two or 


more points of the face to obtain a reasonable average 
tress 


li the latter value is called for the top and bottom face 


»: and §*,, respectively, then the stresses S”, and S”, 
: Present before splitting and slicing the block are simply: 
1945 
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Fig. 19 Layout of Gages in a Butt-Welded Plate 


and 
Ss", S*, +E Xe", 
where e”, and e”, represent the strain relaxed on top 


bottom faces of the block from the moment it ha 
cut free from the plate to the moment when it has 
reduced ultimately to some 0.1 in. in thickness 


4. Numerical applicatic The above procedure 
will be illustrated on an example of a butt-welded plate 
12 x 12 x 1 in. in which the distribution of the longi 
tudinal and transverse stress across the thickness « 
weld has been actually determined. 

a) The layout of strain gage: The gages were the 
electrical wire strain gages, SR4-Al, and they wer 


placed on the top and bottom face of the plate in the 


manner represented by numbers / and 2, Fig. 19. Only 
one longitudinal and one transverse gage were used on 
each face, and their indications were referred to the 


same point located on the axis of weld in the mid-sectior 
of the plate. This procedure appeared legitimate in 
view of a previous work which disclosed that there was 


no appreciable change of stress along the axis of weld 1 
the middle portion of a 12 x 12 x 1-in. welded plate. 
b) Determinations of strains e', and e’ \fter the 


gages had been placed on the plate and the initial read 
ings taken, one longitudinal and one transverse block 
with the gages attached were cut loose from the plat 
A narrow circular band saw '/2 in. wide, 24 teeth per inch 
was used and the speed of cutting was adjusted so as to 
avoid excessive heating. Under these circumstances it 
was found that the cutting operation induced no stresses 
of its own. The blocks had the full thickness of the 
plate and they were 1'/, in. long and '/» in. wide By 
subtracting the strain gage readings on the blocks from 
the initial readings on the plate, the values of the relaxed 
strains e’,; and e’, were obtained on both faces, Table | 

(c) Determination of strain relaxed by splitting and 
successive slicings of the blocks: The blocks were sec 
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Table 1—Values of Strain Relaxed by Removing a Longitudi- 


nal and a Transverse Block from the Plate 


Relaxed Strain 
Block Symbol Micro In. 


Longitudinal No. 1 


Face 


Top 
Bottom 
Top 
Bottom 


lransverse No. 2 


tioned in half, and from each half of the block slices of 
metal about '/s in. thick were removed progressing from 
the mid-section toward the outer top or bottom face 
of the block. The slices were cut using a small band 
saw, 24 teeth per inch, No. 25 gage and '/, in. wide. 


The cutting operation proved to be of no significant 


Bottom 


RELAXED STRAIN IN MICRO INCH / INCH 


-1600 


| Fig. 21--Strain Relaxed on Top and Bottom of Block No. 2 by 
Splitting and Successive Slicing from Mid-section Toward 
Both Faces 


oO 


| 
| effect on the wire gage readings, at least not before th: 
T thickness of the block became substantially smalle: 
than 0.1 in. 

The strain relaxed on the outer face at each step of th 
operation was measured and plotted as a function of t! 
thickness remaining after the cut. 

The results are represented by diagrams, Figs. 20) and 
21, for the longitudinal and transverse block, respe 
tively. For convenience, plots for the bottom and to; 
gages were combined in one diagram by using as absciss« 
| the position of the cut in the original block. 
| (d) Determination of the end values of diagrams Figs. 2 
| and 21; After the thickness of the top and bottom halves 
of the blocks had been reduced to some 0.1 in., the gag: 
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was stripped off the face and the latter was investigat: 
by means of the X-ray diffraction technique for th 
2 4 8 balance of the residual stress still present in the dire: 
FRACTION OF THICKNESS 


Fig. 20- Strain Relaxed on Top and Bottom in Block No. 1 by 
Splitting and Successive Slicing from Mid-section Toward 
Both Faces 


| 
1 


tion of the long axis of the block. For full details rm 
garding this technique reference is made to an earl! 
publication.' The stress was measured at two points 


A and B, 0.2 in. away on either side of the center. Tly 


Table 2—Values of Stress Measured by Means of X-rays 
Phick- 


ness ot 
Slice, by 


Stress 
Relaxed, 


Strain 
Relaxed, 
Micro 


Stress 
X-rays, 
Block 


Longitudinal No. 


fransverse No. 2 


Face In 


Top 


Bottom 
Top 


Bottom 


In 


In 


1/, In. 


In 


Point Psi. 


A 
Av. 


(extrapolation) * 


A 
B 
Av. 

A 

B 


Av 


— 16,000 


In./In Psi. 
22 850 
~ 16,850 
19,850 


1600 ~ 48,000 


— 16,250 
— 19,750 
— 18,000 
16,900 
— 15,100 


— 27,600 ~ 45,600 


L365 +- 10,950 


* Due to the small gradient, the end value of diagram, Fig. 20, on the bottom side was determined by extrapolation 
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results of these measurements and their averages are 


symruarized for each face in Table 2. 


Tabie 3—Computation of Stress Relaxed by Cutting the 
Blocks Free from the Plate 


Longitudinal Transverse 
Strain, Strain, 
Micro Micro Longitudi lransverse 
In./In. In./In. nal Stress, Stress, Psi 
Face est est Psi Sit 
Toy 1530 —2260 198 —1520 43,100 2300 
Bottom 545 —400 295 —168 19,560 9190 


* See Table | 
t See Table 2 
t Computed by means of Formulas 5 p. 300 


Using the average value as a measure of the stress S* 
still left on the face of the last bottom or top slice of the 
block, the value of the original stress S present before 
slicing was determined by means of Formula 25, hence 
the total relaxed strain e”—by dividing S by the modulus 
of elasticity E(= 3 X 107 psi). These operations also 
are summarized in Table 2. 


Table 4—Tabulation of Results and Preliminary Calcula- 
tions for the Computation of Stress Relieved by Splitting 
and Slicing the Longitudinal Block No 1 


Note: e” is used here for e”, or e”",, as the case may he 
Micro ae 
In In 2 as 
da l co F ade 
0.561 a)? 
Pop -H40) 

- 7320 5H3 2: 
0.7 950) 310 2030) 3,440 - 192 
ak ~ 1300 — HH) $0) 16,500) 

Bottom = —332 
52 0 1765 0 ( 
40) 7M + 575 2S 
200 132 +1470 + 195 
225 + 107 150 +- 2670 9 
250 +82 +49] 


(e) Computation of stress relieved by cutting the blocks 
loose from the plate: Using the values of e’ and e” as 
given by Tables 1 and 2, the amount of longitudinal and 
transverse stress S’; and S’, relaxed by cutting the 
blocks loose from the plate was computed by means of 
Formula 5 and summarized in Table 3. These values 
when plotted on top and bottom faces of the block and 
joined by a straight line gave the distribution across the 
thickness of the stress S’ relaxed by cutting the block 
loose from the plate. See interrupted lines, Fig. 12 

(f) Computation of stress relieved by splitting and 
slicing the blocks: This computation was made using 
Formula 23 and values of diagrams, Figs. 20 and 21. 
The successive steps of the computation for the long 
tudinal block No. 1 are shown in Tables 4 and 5. The 
stresses S” computed in this way and corrected for the 
full size of the block, as explained in Section I, 2, were 
added to the stresses S’ represented by the interrupted 
lines, Fig. 12, thus giving the total stress S relaxed 
across the thickness of the block, in the longitudinal and 
transverse directions. See continuous lines, Fig. 12 


Section II. Determination of Shearing Stresses in the 
Longitudinal and Transverse Directions 


Theory.—According to the theory of elasticity the 
shearing stress at a given point has the same valu 
whether it 1s directed in the longitudinal or transvers« 
direction. Therefore the same symbol 7 may be 
for both of them. The shearing stress cannot be meas 
ured directly, but it can be easily determined by means 
of the relation 


used 


where 5S, and 5, are tensile or compressive stresses meas 
ured in the directions W and |’ making an angle +45 
and —45°, respectively, with the longitudinal axis, 
Fig. 19, the positive angle being counted in the counter 
clockwise direction 

It can easily be shown by equations of 
equilibrium applied to a small prismatic element of the 
plate,® that relation 26 is valid for the most general state 
of stress, on the surface as well as in the interior of the 
plate. 

When dealing with the stress situation in butt-welded 


means ol 


Table 5—Computation of Stress Relieved by Splitting and Slicing the Longitudinal Block No | According to 
Formula 23 and Data of Table 4 


Top 
de” F 
a x (1 : — t 3(1 a } a > ‘ 1 ‘5 orr 
da 
X 0.5 XK (—7O0 0 0 —15 —H40 —33°2 18.570 21, 80% 
U.6 1/4, X 0.4 (—1800 —2(—90 3X0.4 (—25 x (—640 0.4 xX (—332 11,910 14,000 
U.4 0.3 XK (—2930 —2(—310) 3xX0.3 xX (—192 x -~640 0.3 X (—332 6,810 
0.8 0.2 (—4200) —2(—660) X (—1058 0 0.2 xX (—332 5.97 7,03 
0.859 K 0.15 (—4420 —2(—880) 3 0.15 K (—2288) +0 25 (—640) 0.15 x 332 5, 6,67 
1.0) See Table 2 67.500 79, MK 
Bottom 
(1 = b —2(e", } hie vié P i Co 
da 
0.5 1/5 K 0.5 X 1765 0 0 15 X (—332) 0.5 x 640 18,570 21,80 
X 0.4 X 700 —2 X 92 3xX0.4 X 28 10 X (—3832) 0.4 (—640 1,980 2 331 
X0.3 XK 0 —2 X 132 198 0.5 xX (—332 0.3 xX (—640 5.300 — 6,231 
U.S X (—450 —2 107 327 0.2 (—640 — 5,730 
X 0.15 (—600 —2 X 8&2 0.15 X 491 +0.25 (—332) 0.15 (—640 — 5,00 5 
v.9 0.1 (—950 —2 X 42 0.1 688 +0.50 X (—332) 0.1 x (—640 — 4,680 5, 
1.0 See Table 2 — 12,000 14,10 
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plates, it can be assumed on the basis of the principle of 
symmetry that the shearing stress is zero along the axis 
of weld and also along the mid-section of plate per- 
pendicular to the axis of weld. Hence values of T dif- 
ferent from zero will be found as a rule only at some 
distance from both the longitudinal and transverse axes 
of symmetry of the plate. As will be shown elsewhere, 
the values of 7 outside of the axes of symmetry are 
needed for the computation of stress in the direction of 
thickness. 


Table 6—Computation of Shearing Stress at Points Distant 
1.57 In. from the Longitudinal and Transverse Axes 


of the Weld 


Strain Relaxed by Re 


moving the Block, Shearing Stress, 


Face Block Axis Micro In./In Psi. * 
lop 3 V 120 
4 WwW 585 +5350 
Bottom 3 V 190 
4 W — 157 — 4000 


* It is easy to see that because of the plane state of stress on the 
surface, the shearing stress may be computed directly from the 


values of strain e’, and e’, by means of the following formula in 
stead of Formula 26: 


T = Gley — eg) 


where G = modulus of elasticity in shear = 11.5 & 1" psi. for steel. 


Numerical A pplication. 
ing stresses in the case of the welded plate considered, 
wire strain gages 3} and 4 were placed as shown in Fig. 19 


To obtain values of shear- 


on both faces of the plate. In the layout of gages the 
principle of symmetry was used to obtain values of stress 
S, and S, at the same point of the plate. The stresses 
S,, and 5S, were determined, as previously, by cutting 
blocks 1'/2 x '/2 in. loose from the plate and then splitting 
ind slicing each of them individually. Using this pro 
cedure it was found that after the blocks had been re- 
moved from the plate, the balance of stress still left in 
the block had a negligible value. In order words, only 
the values S’,, and S’, need be considered for the com- 
putation of the stresses S,, and S,, hence of the shearing 
stress 7. The results of this computation are shown 
in Table 6. Because of the linear law of variation of 
the stresses S’,, and S’, with respect to the thickness, 
the shearing stress 7 also is a linear function of the thick- 
ness. 


Section III. Determination of Stress (Tension or 
Compression) in the Thickness Direction 


Theory.—Suppose the longitudinal and transverse 
stresses are referred to x and y axes and the stress in the 
direction of thickness to the z axis. Then the following 
relation holds:* 

oS. 


07S, 


(27) 
By reason of symmetry the maximum value of S, in 

butt-welded plates can be expected in the center of the 

weld. With this in mind relation 27 may be simplified 
as follows: 

From previous work it may be assumed that the varia- 
tion of S, along the axis of weld is small in the middle 


* This relation follows from the three fundamental differential equations of 
equilibrium,’ if the shearing stresses Tsz and 7+y are eliminated through dif- 
ferentiation of these equations with respect to x, y and g, respectively. 


WELDING RESEARCH SUPPLEMENT 


portion of the plate. Therefore the first term on «, 
right side of Equation 27 can be neglected. 

As for the two other terms on the right side, it wil] }, 
observed that the x axis is an axis of symmetry for S, an¢ 
that 7., is zero along both the x and y axes. 

Therefore, calling S, the value of S, at the x axis any 
Sy, the value of S, at a distance Ay, on either side of thy 
axis, we have approximately at the center Of weld: 


Oy" Ay, Ay; Ay; 


Likewise, if 7:2. is the value of 7., at a distanc 
and Ay, from the y and x axis respectively: 


077 Teme 0 = 0 °) 
Ax» 


Axe 
Hence by substituting in Equation 27: 


Ax, 


z2y2 


OyOx Aye Ax» 


~ 7. 
Ave Axe 


- = (Sy — Sy 


Plotting the values written on the right side of Equa 
tion 28 as a function of z, the values of S, are obtained 
through double integration, and the constants of ix 
tegration are determined by putting S. = 0 at the top and 
bottom faces of the plate, as obviously no stress in th 
direction of thickness can exist on these faces. 


200,000 


100,000 


per sq. inch 


-4000 
2 4 6 8 Q 


FRACTION OF THICKNESS 


Fig. 22 Successive Graphical Integration for the Determin« 
tion of the Stress in the Thickness Direction 


A-—second derivative of stress; B 


first derivative of 


C—-stress in the thickness direction. 
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Table 7—Computation of Stress in the Thickness Direction 


Stress, Psi. 

Shearing 
Stress at 
Distance 


Stress in 


Thickness 


Transverse Stress 
Distance 


k- at Center at 
1 of Weld, Ay = O0.5in., Axe = Ay, = Direction, 

4,000 — 7,000 — 4000 0 
5,500 +28 000 —3100 200 
3,500 500 — 2200 750 
— 6,000 — 13,500 — 1300 1400 
j 0 — 16,000 — 300 1800 
5 6,000 — 2,500 650 1700 
1,000 4,500 1600 1200 
10,C00 9,000 2500 SOU 
) 8 15,000 13,000 3400 300 
9 0 12,000 4400 0 
— 45,000 — 29, 000 5000 0 


* According to Formula 28 and diagrams A, B and C, Fig. 22 


Vumerical Application.—Table 7 contains values of 
‘1, Sy and Tye determined in the welded plate under 
review at the distances Ay,, Ay, and Avs indicated, for 

irious depths below the surface. From these values 
the right side terms of Equation 28 have been com- 
uted and plotted as a function of z, diagram A, Fig. 22. 
lhe subsequent integrations of diagram A furnish dia- 
scams B and C. The values of S, are portions of dia- 
gram C intercepted by the straight line joining the two 


A New Development 
in Gas Welding 


Aluminum Alloys 


LTHOUGH good welds can be produced in alloys 
of the aluminum-copper-magnesium (Avional) 
and aluminum-magnesium-silicon (Anticorodal) 

types (2'/, to 5% Cu, 0.2 to 2.5% Mg, 0.3 to 1.59) Mn, 
1.3 to 1.5% Si), these welds heretofore have had a higher 
silicon content than the base metal. Consequently, in 
the heat-treated condition the welds have inferior 
strength, 

* Translation by Dr. G. E. Claussen. Research Engineer, Reid-Avery Co., of 


ne nouveauté dans la soudure d'alliages d’aluminium,"’ published in 
rnal dela Soudure, 34 (11), 276-277 (November 1944) 


ends of the latter. These values are given in column 5 
of Table 7. From this table it is apparent that in a 1-in. 
welded plate of mild steel the stresses in the thickness 
direction are small as compared to the longitudinal and 
transverse stresses. In other words the state of 
in this plate 1s very nearly a biaxial one. 


State 


Acknowledgments 


The assistance and helpful advice of the following per- 
sons are acknowledged with many thanks: 

Professor A. V. deForest 

Professor P. E. Kyle 

Lt. F. F. Pereira Pinto, of the Brazilian Navy 

Mr. S. M. Burton 

Mr. B. Ersoz 


References 


l. Norton, J. 1 and Loring, B. M Tun WetvoinGc Journatr. 20 (6) 


Research Suppl., 284-s to 287-s (1941) 
2. Sachs, G., Zeit. Metalikunde, 19, 352-357 (1927 
3 Stablein, F., Kruppsche Monatshefte, 12, 93-99 (1931) 
4 Sachs, G., and Espey, G., Metals Technolog 8 Technical Publication 


No. 1384 
5. S Timoshenko 
Hill Book C 
6. S. Timoshenko, /bid., p. 183, formulas (102) 


1941) also Jron Age, 148, 36-41 (Sept., 25, 1941) 


Theory of Elasticity, New York, p. 152 (1934) McGraw 


7 S. Timoshenko, /dsd., p. 195, formulas (116 
sS H. E. Lance Martin, Institute of Welding, Trausactions, 1, pp. 44-5! 
Jan. 1938 


9. D. Rosenthal and J. Zabrs, Tae JourRNaL or THR AMERICAN WELDING 
Soctety , 19, Research Suppl., pp. 324-s-331-s (Sept. 1940 


To overcome this difficulty a new invention (Swiss 
Patent 231,935 to Aluminium-Industrie A.-G. Chippis) 
utilizes a filler rod containing 0.1 to 0.59) titanium for 
these alloys. The optimum composition range is 4-5‘, 
Cu, 1.2-1.7% Si, 0.3-0.6% Mn, 0.1-0.5% Ti. Maxi 
mum benefit from using this rod requires heat treatment; 
particularly for sections over */, in. thick it 1s desirable to 
quench from the highest possible temperature and to pro 
long the time at temperature to a day or more. 


The following tests show the advantage of the inven 
tion. Plates '/s, '/, and ‘'/, in. thick of Al-Cu-Mg 
(Avional) were V butt welded using flux and an oxy 
acetylene torch. The filler rod contained 4.5°) Cu, 1.5°; 
Si, 0.5% Mn, 0.3°% Ti, 0.20, Mg. Part of the welded 
specimens were heated for 24 hr. at 510 # 5° C.,, 
quenched in water, and aged. The remainder were 
heated 48 hr. at 510 = 5° C. in the same way. The 
tensile properties in Table | show the advantage of pro 
longing the solution heat treatment. 


Table 1—Tensile Tests of Welds in Aluminum-Copper-Magnesium Alloy Using Aluminum-Copper-Titanium Rod and 


Prolonged Solution Heat Treatment 
—~———24-Hr. Solution Heat - 
Treatment 48-Hr. Solution Heat Treatiment 

1/,-In. Plate '/,-In. Plate '/s-In. Plate ‘/.-In. Plate '/>-In. Plate 
‘ield strength (0.2% set), psi. 34,000-37 ,000 23,000—26,000 34,000-35,000 33,000--36,000 31,000-36,000 
‘ensile strength, psi. 50,000—56 ,000 46,000-51,000 56,0006 1,000 56000-60000 48 ,000—56,000 
‘longation, % 7-10 5-8 15-20 10-21 5-18 

Specimens were cut transverse to the weld 
307- 
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Synopsis 


Mechanical tests at elevated temperatures on composite 18/8 
weld-plate tensile specimens, showed that the tensile strength, yield 
strength and hardness declined with increased testing tempera- 
tures. The elongation was at a maximum when testing at 250° C. 
The effect of prior heat treatment at 850° C. in causing increased 
tensile strength and decreased yield strength decreased with testing 
temperature and was not apparent above 150° C. Its effect in 
reducing elongation persisted for testing temperatures up to 500° C. 
Microscopic examination showed a breakdown of dendritic 
regions to a light-etching a-constituent, and the formation of lines 
and blocks of a deep-etching a-constituent, probably due to uneven 
straining. After treatment at 850° C. the deep-etching a-con- 
stituent was found at the grain boundaries, particularly after test- 
ing in the range of 200-400° C. (This reduced the elongation 
values. ) 


Introduction 


revious work,' of which this is an extension, had 

shown that a short treatment in the range 700 

975° C. caused a certain embrittlement of austenitic 
(18/8 type) welds, 1.e., an increased tensile strength, 
slightly decreased yield strength and much reduced duc 
tility. Low ductility is undesirable since it may cause 
high stresses to be built up across the weld. 

An equivalent heat treatment obtains in multirun 
welds and it was important to find whether the embrittle 
ment persisted at elevated temperatures, since it is at 
elevated temperatures that failure of welded joints oc- 
curs, and weld properties affect the restraint stresses 
built up. 


_™ Received February 12, 1944, by the British Iron & Steel Institute, 4 
Grosvenor Gardens, London, S.W.1, and reprinted with their permission 
t Birmingham University 
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Fig. 1 The Strength of Weld-Metal Test Pieces at Elevated 


Temperatures 


A Note on the Physical Properties of an 
Austenitic Weld Metal and Its Structural Trans. 
formation on Straining 


By K. Winterton, B.Sc., Ph.D.7 


308-s 


75 


‘on. % 


ga ti 


Treated at 850°C. —o——o— 


400°C, —x——-x- 


Elon 


400 200 300 400 500 


Testing temperature. °C. 


Fig. 2. The Elongation of Weld-Metal Test Pieces at Elevated 
Temperatures 


Testing Method 


The analyses of the materials used were as follows 


oa Mn Si Ss P Ni, Cr 
Plate composition 0.32 0.57 0.22 0.016 90.016 3.38 0.6 
Electrode compo- 0.06 0 03 0.03 9.5 20.0 
sition 
Weld deposit, 0142 096 0685 0 039 0.021 7.84 {14.22 
composition 14 2t 


Small composite tensile specimens (1.5 in. long x 0) 
in. in diameter), were made from single-run 60° V but 
welds on the '/2-in. thick alloy steel plate. Specimem 
were taken at right angles to the weld, to include a smal 
length of weld metal at the center, and two series wer 
tested. 

Series I.—Before cutting specimens, the butt-weld 
plate was softened at 400° C. This facilitated machin: 
without significantly affecting the properties. 

Series II.—The butt-welded plate was softened at 4(" 
C., and the specimens subsequently treated at S50 ( 
for 10 min. (A central temperature from the Pritt! 
range 700-975° C.) 

Testing was carried out in a Hounsfield tensomete! 
the specimen being held in long steel grips inside a sma! 
electric furnace. The length of weld metal included 1! 
any specimen varied over the section because of thie \ 
shape of the weld. The percentage elongation we 
calculated using the narrowest part of the weld as gaz 
length, this being 0.2-0.3 in. ‘The rate of straining w* 
approximately 0.0025 in. per second. 


Vickers diamond hardness. 
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Vickers diamond hardness. 


0 /00 200 300 400 
Tensile testing temperature. °C. 


500 


The Vickers Diamond Hardness of Weld Metal Meas- 
ed at Room Temperature After Tensile Testing at Elevated 
Temperatures 


Results of Physical Testing 


lensile and yield strength decline with increased test- 
temperature (Fig. 1), and the elongation shows a 
maximum at 250° C. (Fig. 2). 

Phe effect of prior treatment at 850° C. in causing 1n- 

creased tensile strength persists for testing temperatures 
ip to 150° C., and the loss of ductility persists throughout 
the range employed (up to 500° C.). 
Average Vickers diamond hardness values (VIDH-— 10 
m., */3-n. objective) were taken on the weld metal 
near the fracture, at atmospheric temperature. The 
high hardness after tensile testing (450-500 VDH), 
decreased with the testing temperature (Fig. 3) to about 
(0 VDH at 200° C., thereafter remaining fairly con- 
stant. 


Nature and Position of the Fracture 


A transerystalline fracture occurred in the center of the 
weld with two exceptions: 

The specimen from Series II tested at atmospheric 
temperature gave an intercrystalline fracture along the 
veld, plate interface. 

2. The specimen from Series IT tested at 50° C. gave a 
partly intererystalline fracture which started at the inter- 
we and ran through the weld. 
Intererystalline cracking at or near the interface under 
these conditions has been attributed to the precipitation 
of fine carbides along the interface.! 


Microscopic Examination of the Strained Austenite 


Each specimen was ground in longitudinal section, 
polished and etched in Kalling’s reagent (5 gm. of cupric 
chloride, 100 ce. of ethyl alcohol, 100 cc. of concentrated 
hydrochloric acid, 100 cc. of water). 

In all cases, a light-etching a-constituent had formed in 
the dendritic regions throughout the weld (Fig. 4). This 
‘onstituent increased in depth of etching, both near the 
lracture and with increased tensile testing temperature 
loa maximum value at 400° C. 

A different a-constituent (much deeper etching) was 
iso found in blocks (Fig. 5, left), and in a pattern of 
crossed lines (Fig. 5, top right) with specimens from both 
series. This was also found on the grain boundaries of 
specimens from Series II, increasing in quantity with the 
testing temperature to a maximum at 400° C. This 
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transformation at the boundaries can be seen in Fig. 5 
(specimen from Series II, tested at 200° C.), and at high 
magnification in Fig. 6. Experiment has shown that 
heat treatment in the range of 200-500° C. on specimens 
previously treated at 850° C. has no effect; and it fol- 
lows that straining in this temperature range is necessary 
to produce this transformation at the boundaries. 
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Fig. 4 (top)—The a-Constituent Formed in the Dendritic Re- 
gions. Etched with Kalling’s Reagent. 600 
Fig. 5 (center)—-Various Forms of Deep-Etching a-Constituent. 
Etched with Kalling’s Reagent. 60 x 
Fig. 6 (bottom)—The a-Constituent at Grain Boundaries. 
Etched with Kalling’s Reagent. 2000 xX 
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The deep-etching structures may be compared with 
the very faint dendritic a-constituent within the grain 
just discernible at the center of Fig. 5 and shown at 
higher magnification in Fig. 4. 


Discussion of the Results 


The two important factors governing the y —> a 
breakdown in this steel are as follows: 


1. Steels of this composition are usually far from 
equilibrium, but equilibrium conditions on straining be- 
come of importance. For 18/8 steels the a-phase is 
stable below 400° C. and the y-phase above 600° C.? 
In the present case specimens revealed a greater tendency 
to remain austenitic when strained at 500° C. 

2. Straining causes an approach to equilibrium condi- 
tions, this tendency appearing to increase with increased 
straining temperatures. 


The occurrence of the deep-etching a-constituent in 
the form of blocks and lines is probably due to the uneven 
straining which is characteristic of 18/8 steel. The lines 
are presumably related to the stressing direction, but in 
any event are not connected with the crystal orientation, 
since they do not change their direction across grain 
boundaries. 

Treatment at 850° C. will cause precipitation of car- 
bides at the boundaries, and it is well known that where 
such precipitation occurs, there is a predisposing tend- 
ency for the y —> a change, thought to be due to chro- 
mium impoverishment in the vicinity. The presence of 
the a-constituent at the boundaries in specimens from 
Series II in the form of a rigid network accounts for the 
lower ductility found in this case. As the fracture is 


HEN the flame of a torch or metal 


Etfects of Mild Preheat on Prepared Surfaces 


By A. P. Shepard! 


mately 10 c.f.h. acetylene. No 


transcrystalline in both series for testing temperatyy 
over 150° C., it is to be expected that the boundar 
constituent will not cause much difference in tens 
strength at the higher temperatures. 

The high final hardness (about 500 V.D.H.) attain, 
after testing 18/8 austenitic steel to fracture may be dy 
to the considerable lattice strain imposed by a clog 
intermixing of the @ and y lattices, rather than to t) 
retention of carbon in supersaturated solution, for thy 
following reasons: 


1. The hardness of martensite increases with t) 
percentage of carbon, but Pfeil and Jones* found 
maximum hardness for 0.1°) carbon with strained 1s \ 
austenitic steel. 

2. The hardness falls off with the straining temper, 
ture to about 370 V.D.H. at 150° C. Martensite usual) 
maintains its hardness in this temperature range. 
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doubt rapid passes were employed so that 


spray gun strikes a cold surface, a 
certain amount of moisture forms on the 
surface. This is to be expected, since one 
of the combustion products of all common 
gases is water vapor, and since some time 
must elapse before even the skin tempera- 
ture rises above the boiling point of water. 

Tests were made to determine (1) how 
this condensate affected the bond of 
sprayed metal deposits, (2) how much 
preheat was required to prevent this con- 
densate, and (3) the approximate amount 
of condensate. 


Observations 


The attempts made to measure the 
amount of condensate were not conclu- 
sive, since the available equipment was 
inadequate for an accurate determina- 
tion. It was found, however, that ap- 
proximately 0.5 gm. of condensate per 
square foot could be produced on a lightly 
blasted steel plate at room temperature, 
with an acetylene torch using approxi- 

* Reprinted from January-February 1945 issue, 
“Metco News’”’. 


_t Manager, Development Department, Metal- 
lizing Eng. Co. Inc., Long Island City, N. Y. 


more could be produced with a hydrogen 
flame, where the entire combustion prod- 
uct consists of water vapor. Surface 
cooled to 20° F. showed a much greater 
amount of moisture. 

No visible or measurable condensate 
could be produced on surfaces heated to 
160° F. It was found that on the test 
specimens used for the following tensile 
tests, the surface temperature could be 
raised to approximately 200° F. by passing 
the flame of the torch across the three test 
pieces for 5 sec. Some of the tests shown 
were duplicated by heating the specimens 
to 200° F. in an oven, with ample soaking 
to assure uniform heat throughout. No 
difference in results from heating by torch 
flame was apparent. 


Procedure 


Six tensile specimens were prepared by 
blasting with a medium grade of aluminum 
oxide abrasive in a suction feed blast 
cabinet. The specimens were passed 
rapidly back and forth across the path of 
the abrasive, at a distance of 7 in. from 
the blast nozzle. A large number of 


310-s 


surfaces of all specimens within each gro 
would be as nearly alike as possibl 

these tests were carried out over a perio 
of several days, and the size of the abra 
sive varied, no attempt was made | 
plicate the surfaces of the different grou 
but only to obtain uniform surfaces on t 
specimens within each group. 


The specimens were numbered 1 throug 
6, and in all cases numbers 1, 2 and 3 wet 
sprayed without preheating, whil 
bers 4, 5 and 6 were heated by passing 2! 
acetylene flame rapidly back and 
across the surface for 5sec. The sprayu 
was started immediately, before th: 
face heat could be appreciably dissipate! 
into the body of the specimens 


In all cases, standard pressures wet 
used (15 p.s.i. acetylene, 16.5 p.s.i. oxyget 
and 60 p.s.i. air). The nozzle of the gus 
was kept at 6 in. from the surface of th 
work, and the spray stream was passe¢ 
back and forth over the work at the rat 
of approximately 1 ft. per second. 1) 
was continued uutil the required thickness 
was deposited. The pieces were 1 
tested in a tension machine, and the bon 
strength measured. It should be noted 
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RESULTS 
itun 
dar — 
‘ Test No Bond Strength Pounds Per Square Inch 
2230 
il] ? 2100 Average 2250 ps Not Preheoted 
He 3 2420 
L ER 4 2740 | 
to t} 5 2860 | Average 2820 ps Preheated 
6 2860 | 
or 
1 1180 
2 ° ! Averoge 1230 ps No! Preheoted 
th t 3 1280 | 
und JM 4 2100 
| IX 5 2100 | Average 2120 ps Preheoted 
; | 6 2160 
nn 2160 
ra 2 2080 Average 2110 p Not Preheated 
3 2080 
PABRONZE P 4 2360 
5 2480 Ave uae 2400 ps Preheated 
6 2360 
3250 
2 3760 Average 3480 p Not Preheated 
4 3 3440 
bor hi SPRASTEEL 80 4 3820 
Deinyg 5 3820 Average 3780 ps Preheoted 
3700 
on for 2360 
2 2460 Average psi Not Preheoted 
ROUP 5 3 2420 
METCOLOY 4 2670 
8.8) 5 2420 Average 2605 psi Preheated 
6 2730 
P. D * Misaligned in pres: 
18, § 
that these specimens were blasted with a bronze T. No explanation is apparent; 
light abrasive, and the bonds obtained possibly further work will throw some 
ere not representative of the bonds pos- light on this apparent discrepancy. 
ible by other methods of preparation. 
Iwo metals namely, zinc and Spra Conclusions 
ronze T—-did not conform to the general 
‘ pattern shown by the other five metals 1. After running tension tests on these 
S tested. The bond strength of zinc was specimens, it was noted that a large num 
naffected by preheating, and that of ber of small particles of sprayed metal 
Sprabronze T was adversely affected. Re- adhered to the base on those which were 
peated tests showed a 10 to 15% reduction not preheated. This was particularly 
bond strength in the case of the Spra noticeable in the case of the lower melting 
at 
pt 
ibta 


ae By M. Ros 


«| Tests of Gas-Welded 
Boiler Plate’ 


red heat. 
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ipated HE Acetylene Society of Switzerland conducted a iN 
detailed test of two oxyacetylene welds at the 
Swiss Federal Bureau of Testing Materials. One SUL 


ygen of the welds was made in plate 0.63 in. thick, the other in 
2 The welds were 19 in. long, Fig. 1. 
he mechanical properties of the plates before welding 


gun plate 0.95 in. thick. 


are shown in Table 1. The welds were 60° V with ? 16- > 
' in. root opening made in the flat position using right-hand ¥ 
ee welding, 50 psi. Oxygen pressure, and a neutral flame. ' 2 | 
é be lranslation by Dr. G. E. Claussen, Research Engr., Reid-Avery Co., of L 
bond Xecherches sur des téles de chaudiere épaisses, soudées 4 l’autogéne,”’ Jnl. de 
ted + Soudure, 34, (9), 215-225 (September 1944). 
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point metals, i.e., the bronze, copper and 
aluminum. Since in most cases the bond 
was weaker on the unheated specimens, it 
is apparent that the condensate adversely 
affects the cohesiveness of the particles 
of the initial deposit, as well as the adhe- 
sion to the base. The total area covered 
by these remaining particles was in all 
cases less than 10° of the area of the sur- 
face, so it is also evident that the adhesion 
to the base was weakened by the conden- 
sate. 

2. The advantages of preheating are 
not as pronounced in the case of the high 
melting point metals 

3. The advantages of preheating are 
probably much greater on lightly blasted 
surfaces. On surfaces prepared by Fuse- 
Bonding, rough threading or the grooving 
method, the order of magnitude of the 
keys and dovetails is greater than the 
thickness of the coating likely to be 
affected by condensate. 

4. Parts which will not withstand the 
distortion caused by blasting with coarse 
abrasives may, in many cases, be blasted 
with light abrasives and preheated 
quently the increased blasting speed of 
the finer abrasives may be utilized to re- 
duce costs, if heating facilities are avail- 


Fre 


able. 

5. Coatings on very large pieces, which 
do not heat up appreciably during spray- 
ing, may be weakened throughout by con 
densate. This is more likely to occur in 
cold, damp locations. If the humidity is 
high, the moisture on the surface will tend 
to catch and retain fine metal dust and 
oxides which normally would be blown 
away, and to incorporate such dusts and 
oxides in the coating. Large 
which remain cold during spraying, do not 
as a rule take as fine a finish when ma 
chined as do smaller pieces. This may b« 
due in a large part to the condensation of 
water vapor on the surface 


sections, 


Further tests are contemplated 
various other metals and th: 
be reported when available 


with 
results will 


After the V was filled, the root was gouged with a special 
torch and welded from the reverse side. 
tion of all welding, the welds were torch normalized at a 
The welding rods were '/; to '/,; in. in diameter 


Upon comple- 
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Fig. 1—Arrangement of Specimens Cut from Test Welds 
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and contained 0.15 C, 0.25 Si, 0.02 P, 0.01 S, 0.74 Mn, 
0.64 Cr, 0.17 Ni, 0.45 Mo, 0.05 Cu. 


The test results are summarized in Tables 2 to 


d. 


Macro-examination showed no defects in the weld in the “19 
thin plate, and only a small slag inclusion at the root of -20 
the reverse weld in the thick plate. The microstructure 


Fig. 2—Location of Vickers Hardness Impressions on M 


Specimen (see Table 7) ics 
Table 1—Mechanical Properties of Plates Normalized at 


920° C. Before Welding 


0.63-In. Plate 0.95-In. Plate of weld metal and heat-affected zone in both weld 


joints consisted of ferrite and pearlite with some f; 
% ‘87-7 nonmetallic inclusions, particularly in the weld metal 
Reduction of area, &% 60 65 the thick sample. All in all, the tests showed that tor 
Notch impact value, mkg./em.? 16.2 21.6 annealing was completely effective. 

Brinell hardness 118 120 


Table 2—All-Weld-Metal Static Tension Test (Thin Plate) Table 6—Face and Root Bend Tests 

Proportional limit (0.05¢ permanent elongation psi 26,600 opecimen 1. Thin Plate, face bend: bend, ends of spe cin 
Yield strength (2° permanent elongation), psi 35,200 pent ung each other; a crack just beginning 
Tensile strenath, pa........ 69.000 . a appear at the function of weld with plate 
Modulus of elasticity, psi. 27 500,000 Specimen 2. Thin plate, root bend: 180° bend, ends of sp 
Elongation in 1.60 in., 13.7 touching each other, no cracks. 
Reduction of area. ag Specimen 3. rhick plate, face bend: 93 bend (average ra 

, curvature of bend = 1*/,in. Bend coeflic’ 

The tensile specimen was 0.32 in. diameter. After test, the 50 X thickness/radius of curvature = 27. Crack 


machined surface of the specimen showed some fine cracks, while occurred at junction of plate with weld 
the fibrous surface of fracture showed some bright, fine-grained Specimen 4. Thick plate, root bend: 180° bend, ends of 


area. touching each other; a crack just begi: 
appear at the junction of weld with plat: 


The bend specimens were 1 in. wide 


Table 3—Reduced Section Tensile Tests 


0.63-In. 


Plate 0.95-In. Plate 


Tensile strength, psi. 58,000 65,000 
Location of fracture Outside the weld At junction of Table 7—Vickers Hardness Surveys (see Fig. 2 
weld with 
plate Location of Impression, Vickers Hardness, Skg. Load 
The specimens were 1°/j;, in. wide. Fig. 2 Phin Plate hic k Plat 


140 


161 


Table 4—Tension Fatigue Tests 


146 
Reduced Section Specimen (weld not machined, 19/;.5 in. wide) of 7 145 34 
weld in thin plate: withstood 900,600 cycles at a lower stress of 8 155 131 
1140 psi., upper stress of 23,000 psi. Fracture occurred at junc 9 145 129 
tion of plate with weld. Estimated endurance limit = 21,000 10 112 10 
psi 11 110 125 
Reduced Section Specimen (weld not machined, 1°%/;5 in. wide) of 12 112 137 
weld in thick plate: withstood 1,000,000 cycles at the above 13 106 130 
stresses, then fractured at a defect in the weld after a further 14 107 137 
437,300 cycles at an upper stress of 25,500 psi., lower stress of 15 111 130 
1140 psi. Estimated endurance limit = 23,000 psi. 16 111 132 
All-weld-metal Specimen (0.33 in. diameter, 172-175 Vickers 17 108 131 
srinell) of weld in thick plate; gvithstood 312,100 cycles (lower 18 107 117 
stress = 1,280 psi., upper stress = 35,700 psi.) before fracturing 19 98.4 119 
at defects in the weld. Estimated endurance limit = 34,000 psi 20) 105 118 


Table 5—Notch Impact Tests 


- Location of Notch (see Fig. 1) 
Center of Weld Fusion Line Heat-affected / 


Thin plate, as torch normalized 11.2 mkg./cm.? (27°) 22.9 mkg./cm.? (118°) 23.6 mkg./cm.* 
Thin plate, specimen normalized again at x)” Cc. 10.4 mkg./em.? (28°) 21.7 mkg./cm.? (120°) 24.0 mkg./cem 
Thick plate, as torch normalized 11.3 mkg./em.? (24°) 8.6 mkg./cm.? (17 12.8 mkg./em.? 
Thick plate, specimen normalized again at 900°C. 9.0 mkg. /cm.? (28°) 14.5 mkg./em.? (30 12.5 mkg. /cm.* 

Specimens were 10 mm. square, with notch 2 mm. wide, 2.5 mim. deep, 1 mm. radius; span 10mm. Notches were cut at ! 
weld. Figures in parentheses are angles of bend of the notch impact specimens. ‘Total energy of pendulum 15 nkg 
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The Weld Stress Problem 


HE weld stress problem may be divided into two 

parts. The first relates to transient conditions 

prevailing during welding and subsequent cooling 
to ambient temperature and the second part relates to 
conditions existing after the weld has cooled down to 
ambient temperature. 

Stresses develop in a weld and welded structure when 
the dimensional changes in heating and cooling cannot 
take place freely. 

These changes are: 

|. Thermal expansion and contraction in three 

dimensions of the base metal and weld. 

2. Dimensional changes of a metallurgical nature 
such as the expansion associated with the trans- 
formation of austenite to martensite. 


The stresses caused by the restraint of these dimen- 
sional changes are of two types. 

Residual Stresses are the result of shrinkage of metal 
on cooling, metallurgical changes, or plastic deforma- 
tion at elevated temperatures of adjacent sections of the 
weld and.base metal. They occur in all three dimensions 
with both free and restrained base metal and may be re- 
garded as being due to restraint of the movement of 
one part of the base metal or weld by other parts. 

Reaction Stresses result from external restraint of free 
movement external to the assembly under considera- 
tion. For example, a tensile stress will develop across a 
butt-weld during cooling, if the normal thermal ex- 
pansion and contraction are prevented by external trans- 
verse restraint. 

From the very outset, therefore, it can be seen that 
the problems, connected with weldability and welding 
Stresses are scientifically inseparable and that any sepa- 
ration from the point of view of research administration 
or otherwise must be of an arbitrary character. //ow- 
ever, the problem is so broad and complex that it does ap- 
pear destrable to make an arbitrary separation. One such 
separation is therefore suggested on the basis of con- 
sidering the weldability problems as related to the prepa- 
ration for welding, the welding operations and the 
subsequent cooling to ambient temperature. The weld 
Stress problem relates to what 1s left after this cooling takes 
place. Of course there are border-line cases as, for ex- 
ample, cracking on cooling from summer to winter tem- 
peratures extending over a period of several months 
and cracking which for no apparent reason takes place 


* Prepared and edited by a group of members of W.R.C. including C. A 
Adams, H. C. Boardman, R. H. Cunningham, G. E. Doan, W. F. Hess, A. B 
Kinzel, C. E Jackson, Chas, Jennings, A. Nadai, D. Rosenthal, W. L. War- 
Ser, and W. Spraragen, Editor. 


several days after the welding. Since this is an arbi- 
trary rather than a scientific division there is no par- 
ticular reason for immediately resolving these border-line 
cases. 


The Weldability Problem 


Inasmuch as the major consideration of the weld stress 
problem is concerned with the analyses of the conditions 
of stress existing after the welded joimt has cooled to 
ambient temperature the primary causes of the weld 
stress problem will only be outlined sketchily. 

One of the major problems in weldability is to develop 
a welding procedure and technique which will result im 
suitable cooling rates’ for the base metal next to the 
weld. This procedure and technique is a function of the 
composition of the base material, its geometry, imitial 
temperature, surrounding temperature and rate of heat 
input. Studies of all these factors have been made and 
reported. There are corresponding factors related to the 
weld metal, and in both the conditions of restraint are of 
paramount importance. It is necessary, therefore, to 
study other factors such as character or composition of 
the weld deposit, rate of volume deposit, factors affecting 
the quality of the weld deposit and, above all, the condi- 
tions of local and general restraint. For example, the 
first layer of a fillet weld deposit from one type of elec- 
trode may crack on cooling whereas that of another 
type may not. However, cracking with the first type 
may be avoided by making provision for contraction by 
a slight separation of the edges. General restraint can 
cause cracking on cooling in the weld, in the base metal 
adjacent to the weld or in parts of the structure remote 
from the welded joint. 

The higher the rate of cooling, the higher will be the 
residual stresses. 

A high rate of cooling means a steep linear temperature 
gradient which in turn means a steep linear stress gradi- 
ent at the end of the cooling period. 

If the resulting shrinkage were under rigid restraimt 
in all three axes, it is obvious that the metal would either 
crack or leave some kind of a shrinkage cavity. Even in 
the case of a normal weld where the restraint is not per- 
fectly rigid, and is only of a biaxial nature, such cracks 
do actually occur. 

Nearly every fusion weld on heating and cooling must 
plastically flow. If the condition of restraint is sufficient 
to cause the shrinkage stress in the particular volume 
and type of weld metal to exceed the fracture strength 
before the metal can flow plastically as it cools, the weld 
metal will crack. Now as part of the arbitrarily defined 
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weldability problems, the welding engineer has learned 
how to deal with these conditions of restraint. A few 
of the common devices are preheating of parts, thermal 
stress relieving the entire structure before it cools, 
changing the volume or character of the deposited metal 
such as by the use of austenitic electrodes, peening, 
wandering sequence, step back methods of welding, 
small electrodes, block welding and a host of other de- 
vices. All of these matters have not been explored to the 
fullest extent but this report is only intended to cover 
this portion sketchily, the dbject being to arrive on cooling 
to ambient temperature, with a crack-free structure. Un- 
fortunately, however, in spite of all precautions the 
structure may not be crack free although it may appear 
to be so. Therefore hidden cracks must be considered in 
analyzing the problem. 

Cracking probably is the most potentially dangerous 
and certainly the most alarming defect in a weldment. 
Cracks may occur in the heat-affected zone of the base 
metal or in the deposited metal proper. Cracking in 
weld metal during cooling under restraint is produced 
because plastic flow is inhibited thus causing the shrink- 
age stress to exceed fracture strength of the metal. Base 
metal cracks probably occur at comparatively low tem- 
peratures. Weld metal cracks may occur at either high 
or low temperatures. The ability of the base metal to 
flow plastically is decreased by restraint and also by 
hardening due to the heat effect of the welding. In order 
to avoid base metal cracking, steel for welding should be 
so selected that the loss of ductility due to the heat effect 
still leaves adequate toughness (strength, and ductility) 
to permit plastic deformation sufficient to prevent crack- 
ing during the welding cycle. Means for so doing have 
been set forth in the Guide Book to Weldability. A more 
direct test of heat-affected zone ductility known as the 
notch bead test and described by the Naval Research 
Laboratories, also serves the purpose, provided heating 
and cooling conditions have been adequately matched to 
the intended application. The theory is well set forth in 
the recent work at Rensselaer. These investigations 
omit consideration of the effect of hydrogen from elec- 
trode coating when welding hardenable steels. This 
effect will aggravate any loss of ductility. 

Cases may arise wherein the toughness (strength, 
and ductility) of the base metal without any reduction 
due to heat effect is inadequate to the purpose. Usually 
such steels are rejected on other grounds but this is not 
necessarily the case. If plain carbon steels are involved, 
a bend test in addition to the tensile test is generally 
sufficient for assurance on this score. No general state- 
ments can be made which invariably apply in specific 
cases with respect to types of steel which may or may 
not be suitable. Broadly, however, plain low-carbon, 
and low-carbon low-alloy steels will be suitable. 

As aforementioned, one of the important factors in 
cracking is restraint produced primarily by the geometry 
of the weldment and the dimensional changes tending to 
be induced by the heating and cooling of welding. This 
factor is generally summed up in the term ‘residual in- 
ternal tensions.’’ Such restraint may be reduced to a 
minimum by changing the design of the weldment, by 
changing the speed of welding, that is, the heating and 
cooling conditions, by applying preheat and by removing 
internal tensions by the application of compression forces 
as in peening. The properties of the deposited metal 
both at elevated and room temperatures are direct fac- 
tors in the cracking. The relative transformation tem- 
perature ranges of deposited metal and base metal may 
also be important. Moreover, the presence or absence of 
various types of slag covers during and after welding 
and the heat conductivity of the deposited metal are like- 
wise factors. Obviously, the temperature limits of the 
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melting range of the deposited metal are important 4) 
of the above has been taken imto account in a practic, 
test for reaction to restraint developed at Lehigh 
to be described publicly after release by the Militar 
but available now to proper imdividuals on reques 
The study of many of the individual factors remains | 
be done. 

Magnetic powder testing and X-ray testing are gene 
ally accepted means for detecting cracks. Each of thes 
has its limitations. Sonic and supersonic methods hay 
been used on a limited scale and will bear further } 
vestigation. There is a lack of nondestructive method 
for complete detection of weld cracks. 

The above brief discussion should suggest many fields 
of investigation with respect to cracking im base and we! 
metal. A few of the more obvious and more importan 
are herewith listed. 


1. Correlation of cracking tendency and bend test 
of plain carbon steel (Ship plate). 
Correlation of plate thickness with crackin 
tendency. 
3. Effect of different plate thickness in a single we! 
ment on cracking tendency. 
4. Effect of welding procedure on cracking tendency 
5. Effect of peening on cracking tendency 
quantitative measure of peening. 
6. Relation of electrode coating to cracking tend 
ency. 

i. Properties of deposited metal at various tem pera 
tures. 

8. Relation of solidification temperature, both rang 
and level, to cracking tendency. 

9. Application of sonics and supersonics to ton 
destructive testing of weldments. 


ali 


There also follows a partial list of some of the problems 
relating to Weldability. 


1. Weldability of rimmed, semikilled, fully killed 
and Bessemer steels, including effect of rolling 
direction. (The direction of rolling is especial) 
important with 0.06 to 0.11 phosphorus and 
nitrogen 0.015-max.). 

2. Effect of stram aging on weldability. 

The- role of hydrogen and other gases m_ base 
metal and weld metal cracking; the quantita- 
tive measure of its effect and the remedies re 
quired. 

4. Dilatometric measurements at cooling rates 
corresponding to those resulting from a give! 
welding procedure. 

5. Effect of straining and heat treatment prior t 
welding on cracking both during welding and 
service. 

6. Determination of the minimum ductility present 
in structures which have successfully with- 
stood various types of service after welding 

7. A study of average heats as to variations in weld 
ability and to the feasibility of establishing 
“weldability bands’’ for a list of important steel 
types 

8. Porosity, segregations and laminations in steels. 

9. The change in ductility with time after welding 
particularly in the case of box girders or soi 
more complicated structure than the mick 
bend test specimen. 

10. Effect of the temperature of test including th 
effects of welding on the transition tempera 
ture of the steel and reason for the chang 
from ductile to cleavage type of failure. 

11. The method of propagation of cracks. 
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The Weld Stress Problem 


Let it be assumed temporarily that a welded structure 
‘< crack free on cooling. Experience has indicated that 
his structure presents a variety of problems singly or in 
ene nation. It is difficult to assign to them an order 
of importanee. Each will be mentioned in some detail 
with an analysis of how much about it is known and un- 


knowtll. 


Stress Ratsers 
in nonwelded structures the stress raisers are partly 

due to geometry and partly due to residual stresses pro- 
duced by fabrication (cold forming, shrink fitting, etc.). 
In welded structures there are several stress raisers not 
found in riveted structures as listed below. Most of 
them also are due to geometry and residual stresses imci- 
dent to fabrication but some are due to metallurgical 
changes 

Cracks, not readily detectable, which take place 

during the cooling of the weld zone. 

Slag inclusions, porosity, or gas pockets. 

c) Incomplete penetration where metal runs down 
in the bottom of a groove and is not hot enough 
to fuse the searf face. 

d) Undercutting along the edge of the last layers. 

(e) Excessive reinforcement rising too abruptly 
from the plate at the edge of the last layers, 
overlaps, or a fillet weld which is too convex 
outward with a sharp re-entrant notch where it 
joins the two plates. 

f) Metallurgical stress raisers due to abrupt changes 
in specific volumes, as between the unaffected 
base metal and the hard martensitic structure 
of the affected zone, usually just outside the 
bond. 


Items (a) to (e), inclusive, can be eliminated by what 
we shall refer to as perfect or substantially perfect weld- 
ig. Although such perfect welding is well above the 

verage it is substantially attained in connection with a 

w types of critical structures such as boilers and un- 
fired pressure vessels for which radiographic inspection 
is prescribed and consequently the welding operators 

held up to a high standard of workmanship by the 
knowledge that any lapse will be detected. Even then 
unacceptable defects are occasionally disclosed, chipped 
out, rewelded and reradiographed. The resulting im- 
provements in technique have gradually cut the percent- 
ige of such defects. 

If, in addition to being welded almost perfectly, the 
completed structure is thermally stress relieved, residual 
stresses can be substantially eliminated and probably 
item (f) since, although the change in microstructure at 
the stress-relieving temperature is relatively small, it 
seems likely that the original abrupt transition is con- 
siderably moderated. The only experimental evidence 
we have on this score is that of hardness explorations. 
On the other hand, there is no definite evidence as yet 
that item (f) has been responsible for failures. 

Faulty design or imperfect workmanship is generally 
the cause of the most serious geometric stress raisers. 
Sharp corners can usually be made rounded. Excessive 
reinforcement of openings without a gradual tapering of 
cross section is another prevalent cause of trouble. 
Stress raisers due to defective workmanship are not al- 
Ways detected. Undetected shrinkage cracks have al- 
teady been referred to in the section on Weld: ibility. 
Cracks due to incomplete fusion, undercutting, and im- 
Proper Shearing or gas-cutting practices are unfortu- 

lately sometimes ignored. The stress intensity at the 
end of a small sharp crack may be many times the gen- 


eral stress intensity in neighboring parts. Small wonder 
then that every expert considers these stress concentrat- 
ors as the focal points of practically all of the trouble. 
After cracks start to lengthen, the resultant reduced 
cross section and increased concentration at the ends of 
the crack usually make matters progressively worse. 
Moreover, cracks may be propagated by reaction stresses. 
As will be seen later, the high notch sensitivity of some 
steels at cold temperatures when plastic flow is restraimed 
greatly increases the chances of failure. 

So much has been written about the necessity of avoid- 
ing notches in design that it is redundant to dwell at any 
great length on this feature. However, it should be 
pointed out that the combination of sharp notches, low 
temperatures and high notch sensitivity is an invitation 
to disaster. 

Metallurgically different zones are generally not as 
important in Static tests as are geometrical notches but 
under dynamic tests such as impact and fatigue they 
may be of considerable importance. Thermal stress 
relief generally lowers peaks of hardness and some 
authorities believe that the importance of this ironing 
out of the metallurgical differences is equal to or greater 
than that of lowering the residual stress. However, a 
considerable amount of research has established methods 
for securing suitable welding cooling rates for a given 
geometry and type of steel. Unfortunately some cracks 
may occur which are undetected by the usual inspection 
methods and are sometimes a source of real trouble. 
Some experts have stated that if only a welded joint were 
perfect and fairly well designed as far as stress concen- 
trators were concerned there would be no reason to worry 
about the other factors. Other experts have stated that 
if the structure is stress relieved, made of steel notch- 
tough at low temperatures and has some degree of flexi- 
bility there is no cause for worry. 

There is still a lot to be learned about stress concen- 
trators especially at the ends of small cracks. For ex- 
ample, “how does progression of a small crack take 
place?’ A few quantitative determinations of the stress 
concentration factors in connection with common faults 
in design and workmanship would be of great educa- 
tional value. 


Quality of Steel 


The Welding Engineer knows how to handle a particu- 
lar situation depending on ordinary chemistry deter- 
minations. Yet there are vast differences in steels ob- 
tained under the same specifications such as A.S.T.M. A7 
and A70. 

For example, for low-temperature work a number of 
experts have agreed that notch sensitivity is dependent 
on deoxidation practice. The steel maker knows how to 
produce steel for this class of service but in recent cases 
has demanded a substantial cost extra. 

In most low-alloy steels a quenching and tempering 
treatment changes the character of a low-alloy steel 
under low-temperature impact from a brittle steel to one 
of extreme toughness. 

Different ferritic steels and microstructures may show 
like ft.-Ilb. notch-bar values and tough fractures at room 
temperature but as the testing temperature is progres- 
sively decreased, some steels show abrupt drops in the 
temperature—ft.-lb. curves and the appearance of 
brittle, instead of tough fractures. This drop usually 
occurs in separate specimens over a range of tempera- 
ture and some of the fractures within this range are 
brittle and some are tough. 

The notch sensitivity of the plate material does not 
evaluate the notch sensitivity of the structure in the 
heat-affected zone. In most welding steels, the transi- 
tion temperature of the heat-affected zone is higher than 
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that for the plate material. The effect of melting prac- 
tice as it is related to grain size in the heat-affected zone 
may be controlled by deoxidation practice, although 
satisfactory notch sensitivity in the plate material does 
not necessarily indicate satisfactory heat-affected zone 
notch sensitivity. -This same comment can be made with 
regard to the quenched and tempered steels. In general, 
welding does not improve notch sensitivity and-the notch 
sensitivity of the heat affected zone thus becomes the 
lower limit for the welded specimen. 


Low Temperature 


At low temperatures the plastic flow properties of 
steel change decidedly and are generally imhibited. 
Yield point and ultimate strength generally rise and 
usually the fatigue properties as measured by an in- 
crease in endurance limit are also improved. The im- 
pact properties, however, for some steels fall off abruptly 
from 32° F. or even higher. * For example, one side of a 
ship or storage tank in the sun while the other side or 
another part is in the water or in the shade at low tem- 
perature very often is a potential source of trouble due 
to residual stresses caused by rigidity of structure, and 
the variation in properties of the same steel at different 
temperatures. All that is required is an impact blow to 
set off the charge. It is possible that the stresses due to 
loading or other factors such as decrease in temperature, 
may increase to such an extent as to cause a cleavage 
type of fracture without impact loading. There is need 
to know the intensity of residual stresses in a plate 
caused by wide differences in temperature over short 
distances and the magnitude of the deformation to cause 
fracture, 

When some ferritic materials are required to deform at 
low temperatures under conditions of restraint against 
deformation, as in the presence of a notch, or when a 
load is applied to them with extreme rapidity, they show 
extreme brittleness. Without the notch or the impact 
load they are tough at low winter temperatures. 

There is definite evidence that final failure of soine of 
the bridges in Europe came about through extension in 
cold weather of cracks resulting from welding operations. 
It has been established that for a given steel the change 
from tough to brittle behavior is a function of sharpness of 
notch, rate of applied loading and temperature and the 
importance of each factor may be quantitatively evalu- 
ated for critical conditions. 


Strain Aging 


Metallurgical studies indicate that certain steels are 
susceptible to a phenomenon known as strain aging. 
If these steels are strained plastically and then allowed 
to age for a few weeks at ordinary temperatures (70 to 
80° F.) they lose part of their ductility and develop a 
very high notch sensitivity. Furthermore, steels that 
are susceptible to strain aging generally have their notch 
sensitivity greatly increased by moderately low tempera- 
tures (32° F.). It has also been determined that the 
phenomenon known as strain aging can be accelerated by 
heating the steel, 2 hr. at 212° F. being equivalent to 
several weeks at 70° F. 

The problem of the strain aging of steel may be di- 
vided into two parts. One is a problem in metallurgy 
and the other is a problem in mechanical strength. 
Metallurgical studies are needed to determine the char- 
acteristics such as composition, microstructure, methods 
of manufacture and thermal and mechanical treatments, 
which affect the susceptibility of steels to strain aging. 
Physical tests are needed to determine the effect of strain 


aging upon the behavior in service of structural mem- 
bers. 
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Rigidity of Structure 


Plasticity experts will probably wish to deine 4, 
problem as the behavior of metals under three-ding 


sional constraint. Unfortunately from the weld), 
viewpoint the problem is not so simple. Welding giy.. & 
a continuous structure with joints that cannot slip inj), 
same manner as a riveted structure. Moreover, th, 
crack-stopping tendencies of a riveted joint are 
available in the usual welded joint. But the properti« 
of the metal are not identical in each and every p; 
of the welded structure. Moreover, stress concentrat), 
are almost unavoidable. There is also the added prot 
lem of reaction stresses assisting the load stresses in thy 
propagation of cracks. 
The failure of materials under compound stress cond). 
tions is, of course, a very complicated subject. Hoy. 
ever, all the evidence available indicates: that the; 
are two main types of failure, shear and cohesive (j 
fined as a true tensile failure due to overcoming cohesiy 
bonds); that the imminence of shear failure depends prj; 
cipally upon the relation between the maximum she 
stress present and a fundamental physical property of th 
material which might be called its shear strength; an) 
that the imminence of cohesive failure depends pri 
cipally on the relation between the maximum tensio: 
stress present and a fundamental physical property o) 
the material which might be called its cohesive strength 
Other characteristics of the stress condition beside: = 
the maximum shear stress and the maximum tensil 
stress undoubtedly have some effect; for instance, tly 
third principal stress may have a maximum effect 
15% or so on shear failure, and there is evidence that 
the normal stress on the surface on which shear failure i: 
occurring has an influence on whether the failure is plas Rest 
tic or brittle. The above remarks apply particularly t A 
failure under static load, but it is probable that maximu ing 
shear and tensile stresses are also of major importance «: ager 
connection with fatigue, shock and creep failures. mag 
In pure applied tension, there is a fixed ratio of 2 men 
between the maximum tensile stress present and th cat 
maximum shear stress present. A conventionally ‘du stre 
tile’’ material is simply one having at room temperatur oves 
a larger ratio than 1:1 between its cohesive and shear can 
strengths, so that it fails by shear when tensile and stre 
shearing stresses are equal, while a conventional) resi 
‘brittle’ material is simply one having at room temper: as 
ture a smaller ratio than 1:1 between its cohesive an sho 
shear strengths, so that it fails cohesively when tensil ticy 
and shearing stresses are equal. to | 
“Ductile” and “‘brittle’’ behavior should not be con gat 
sidered as inherent properties of any given material stre 
Examples could be cited of conditions under which cas! sho 
iron or rocks may be made to behave in a “‘ductil stri 
manner and, conversely, the most ductile steel may b out 
made to behave in a “‘brittle’’ manner depending on th as 
way in which it is stressed. the 
Some suggested researches are indicated in the follow: is | 
ing questions: or 
1. How much will a steel of known conventional a. 
determined physical properties at differen’ 
temperatures—strength, yield point, ductilit) wi 
strain aging, etc.—deform plastically under 


conditions of active or passive constraint 
speed, intensity and cycles of loading? 

2. How much ability to yield plastically under sive 
states of bi- or triaxial stresses is necessary | 
assure satisfactory performance in various se! 
ices of different types of welded engincerm: 
structures? 

3. What is the basis for determining the proper te 

pressure for a welded pressure vessel which 1s 10! 
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thermally stress relieved? Should it be tested 
to the maximum working pressure only or to 
some higher pressure? If higher, how much, 
and why? Should it be hammer tested ? 

{| In many structures the junction lines of adjoining 
parts are so-called lines of discontinuity at each 
of which the normal stress pattern of one part 
is deformed to meet the distorted normal stress 
pattern of the other part. At such places plastic 
yielding under the first load application is com- 
mon. For example, the metal near the junc- 
tion circle of the knuckle and crown of a con- 
ventional basket (dished or tori-spherical) pres- 
sure vessel head frequently deforms plastically 
under the prescribed hydrostatic test., Do the 
plasticians think that such straining may be con- 
sidered as the final fabricating operation just as 
truly as though it were done in a press? 

Another example is that of a conical head 
directly joined to the cylindrical shell of a pres- 
sure vessel. Depending upon the apex angle, 
and the ratio of thickness to shell radius, there 
may be much or little plastic deformation under 
the hydrostatic pressure test. If the test is 
twice the maximum working pressure, and the 
vessel withstands it although with great accom- 
panying deformation, is the vessel safe for serv- 
ice? 

5. What is the plastic and elastic interaction between 
base and weld metals having different mechani- 
cal characteristics, yield point, ultimate tensile 
strength and elongation under various external 
loadings? 


Residual Stresses 


A great deal of time and money has been spent measur- 
ing residual stresses. Where stresses have been aver- 
aged over an appreciable distance they are of yield point 
magnitude. However, the technique of stress measure- 
ment has not been perfected to a degree such that we 
can with reasonable certainty ascertain the maximum 
stress intensity when the stress gradient is steep. More- 
over, we know that by continuous plastic deformation we 
can make the yield-point stresses approach the ultimate 
strength, even in uniaxial tension. Measurements of 
residuals under various stages of triaxiality have not 
as yet been made. Weldability investigations have 
shown that if the constraint is too great for the par 
ticular volume of welded metal and adjacent base metal 
to flow, cracking will result on cooling. Many investi- 
gations have been made as to what happens to residual 
stresses in service. Experimentally it has not yet been 
shown in the laboratory that these residuals cause a 
structure to behave a great deal differently than one with- 
out them. ‘This statement needs slight modification 
as will be shown. Laboratory tests have demonstrated 
that if plastic flow has time to take place it will and there 
is little to fear from these residuals under either fatigue 
or static loading in so far as the useful life of the struc- 
ture is concerned. A few meager experiments indicate 
there is some slight difference when impact is involved 
at low temperature between a structure that contains 
residuals and one that does not. All of these investiga- 
lions relate to stress conditions which can be classified 
as of a biaxial nature. Practical experience indicates 
that this general statement cannot be carried over to 
thick materials where considerable triaxiality is involved. 
An example very often cited is that of a 2-in. thick sec- 
tion of the Boulder Dam penstock which cracked when 
dropped on its w way to the annealing furnace and of a 
similar stress-relieved section dropped in the same 
Way which did not crack. Therefore some way will 
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have to be found to extend laboratory experiments to 
rigid structures of great thickness. This is the object 
of the Structural Steel Program of the Bureau of Stand- 
ards reported in the December 1944 issue of the Welding 
Research Supplement and in some of the investigations 
at M.L.T. 

Each of the programs of N.D.R.C. and Welding Re- 
search Council should be carefully evaluated in the light 
of existing knowledge and programs modified 
ingly. 

Thermal stress relieving is also useful to bring about 
dimensional stability particularly in structures that re- 
guire careful alignment after machining operations. 

Laboratory tests and service results have indicated 
that there is a gradual decrease in residual stresses with 
aging operations involving relative differences of tem- 
perature of parts of a structure or with service loads plus 
residuals exceeding the yield point at certain locations. 

Local thermal stress relieving of parts of restraimed 
structures may iron out local high residual stress peaks 
but introduce large reaction stresses. In same applica- 
tions low-temperature stress relieving 1s quite effective 
in reducing peak residuals. 

It is also suspected that high residuals in steels sus- 
ceptible to “strain aging’ expedite a phenomenon known 
as stress corrosion. 

There is need for studying further the residual stress 
distribution across the thickness of welds. 

It is hoped that with the aid of the best available 
theory and of fundamental experimental research, the 
problem of residual stresses can be reduced to a rational 
and to an at least approximately quantitative basis. 
The basic solution would be: starting with the mate- 
rial, geometry and welding technique, compute the re- 
sidual stresses in all three axes, superimpose the load 
stresses and then compute the resulting stress pattern, 
taking account of the plastic flow which might intervene. 

Since this ideal is not likely to be realized, not only be- 
cause of our lack of quantitative knowledge concerning 
the flow properties of the numerous materials under num 
erous combinations of triaxial stresses and over wide 
ranges of temperatures, but also because of the complex- 
ity of the theoretical calculations necessary, we need guid- 
ance as to the most promising direction of approach. 
Such guidance can be provided only by those with the 
best available understanding of the phenomena involved 
and with the best quantitative perspective thereof. In 
other words, it is desired to avoid such unnecessary 
floundering as is mevitable without such a clear quantita- 
tive perspective. 

In brief, the objective is the ability to design and 
fabricate by welding, large structures which cannot be 
stress relieved without too great expense, and im such a 
way as to be not only safe but also economical in the use 
of material. Designers should not be forced to use a 
factor of safety sufficient to cover the worst case when a 
much lower factor is perfectly satisfactory for the great 
majority of cases with well defined conditions. They 
should be able to make a rational design adapted to a 
particular set of service conditions. 
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Nature and Formation of Residual Weld Stresses 
J 


When the hot weld metal cools, it shrinks triaxially 
and often non-uniformly under a restraint which cannot 
be computed or measured with any quantitative accur- 
acy, and which depends upon both the geometry of the 
structure and rate of cooling. 

From a superficial point of view, it might be concluded 
that, even though no cracking occurred on cooling, one of 
the principal axis stresses might be just short of cracking 


‘and that the application of a load stress m that same axis 


would result in fracture. This is not sound logic. 
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If the weld zone cools throughout a range of several 
hundred degrees Fahrenheit without cracking and under 
such triaxial restraint as is usually present, some plastic 
flow must take place before reaching room temperature. 
Some of the quantitative considerations on which this 
statement is based, are as follows: 


A. If a bar of steel with rigid end support and with- 
out stress at some high temperature, cools 
under this rigid restraint, the resulting tensile 
stress, if not higher than the elastic limit, will 
be roughly 200 psi. per degree Fahrenheit, if 
the elastic modulus. is 30,000,000. 

B. If the restraint is biaxial the effective modulus 
will be higher and if triaxial much higher still. 

C. Thus if we assume equal biaxial stresses and such 
a wide temperature range of cooling, it is 
difficult to conceive of a degree of restraint so 
low as not to yield a stress sufficient to cause 
failure, unless plastic flow takes place. More- 
over, this plastic flow must end at room tem- 
perature, that is, when the metal is cold. 

D. Thus, if such plastic flow is still taking place at 
room temperature under the particular set of 
triaxial stresses which prevail, is it not more 
than probable that the superposition of a uni- 
axial load stress with the resulting increase in 
shear stress, would cause further flow without 
fracture. It is, of course, conceivable that the 
uniaxial load stress might fall in the axis of the 
lesser of the two residual stresses and thus re- 
duce the shear and the freedom of flow, but the 
maximum stress would then be not as high as 
that where the load stress coincides with the 
maximum residual stress. 
comprehensive series of fatigue tests on large- 
size welded coupons, and extending over 
several years indicates that under full alter- 
nating stress the endurance limit of unstress- 
relieved coupons is substantially the same as for 
stress-relieved coupons. 


Interdependability of the Variables 


In one investigation now under way a basic assump- 
tion was made that rate of loading, constraint and tem- 
perature are interdependent variables and that by 
studying constraint in terms of the temperature factor, 
all types of mechanical constriction leading to constraint 
could be produced by simple equivalent notches. For ex- 
ample, the constraint added by severe internal stress 
could be explored by investigating the temperatures 
necessary to render the fracture assembly brittle and then 
devising simple notches which would have the same ef- 
fect. Preliminary results indicate that this is a promising 
line of attack. It is assumed that increasing constraint, 
increasing rates of load and decreasing temperature are 
merely different methods of raising the yield point. This 
has now been checked experimentally. The relationship 
is a function both of steel-making practice, the rolling 
mill practice and the degree of strain aging. The tie-in 
with the weldability investigations will be apparent as 
the weak point may be the heat-affected zone. 

One expert states that regardless of the manner of 
achieving it, the same results in increasing yield point are 
obtained for any one steel by any one of the three meéth- 
ods. For example, the increased yield point due to rapid 
loading must result in the same figure as increasing the 
yield point due to lowering the temperature provided 
the actual cleavage strength is not changed by these 
variables. The cleavage strength then becomes a matter 
of some importance. 
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Summary 


The factors leading to the formation of stresses a, 
briefly reviewed. In order to control these factors fro, 
an engineering viewpoint and to evaluate them fro, 
research viewpoint it is necessary to separate the transjen; 
conditions from the conditions which finally prevail whe. 
the structure has cooled to the ambient temperature : 

The controls and problems relating to the transje,; 
conditions (called weldability) are partially differey; 
from the problems and controls prevailing when th 
weldment has cooled down to ambient temperature ay; 
is placed in service. From a weldability viewpoint tj, 
aim ts to end up with a structure free from flaws, crack 
and undesirable metallurgical structures. Methods of ob. 
taining these desirable conditions are briefly discussed 
as are also some of the remaining research problems 
this field. 

Assuming we have a crack-free structure, although 
containing high residual stresses, the weld stress prob. 
lem is carefully considered and broken down into jt 
essential elements. They are (1) stress raisers, (2 
quality of steel, (3) low temperature, (4) strain aging, 
(5) rigidity of structure, (6) residual stresses and 
combinations of these factors. 


(1) 


There seems to be general agreement that this on 
factor overshadows all others and in combination with 
low-temperature notch-sensitive steels and impact ‘oad 
ings accounts for most of the troubles. 


Stress Ratsers 


(2) Quality of Steel 


Ordinarily at room temperature (70° F.) the usual ru 
of steel in accordance with recognized specifications is not 
a troublesome problem provided it is of weldable quality 
However, at low temperatures its notch sensitivity 
and its susceptibility to strain aging deserve careful con 
sideration. 


(3) Low Temperatures 


Most of the major failures in welded structures ar 
associated with low temperatures or considerable difler- 
ences in temperatures of parts of a rigid structur 
The notch sensitivity of the particular steel at low tem 
peratures, rapid rates of loading, rigidity of structure 1 
conjunction with variations in temperature of parts and 
stress raisers form undesirable combinations which must 
be given the most careful consideration. 


(4) 


Considerable more research work must be done in thus 
field and the various factors leading to strain aging must 
be evaluated. This phenomenon may be definitely 
linked with the quality of steel. 


Strain A ging 


(5) 


The welded structure is a monolithic structure offering 
constraint to yielding or deflection in three directions. 
Because of this a totally new set of problems arises not 
necessarily encountered in a riveted structure. Problems 
in plastic flow are particularly important. A great deal 
of basic new data is needed in this field. 


(6) 


Two or three years ago residual stresses were consid: 
ered a major source of trouble. The necessity for the 
control of shrinkage against restraint in the making 0! 
the weld is still a major factor in order to arrive witli 4 


Rigidity of Structure 


Residual Stresses 
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crack-free structure on cooling. However, the impor- 
tance of residual stresses on the useful life of a completed 
structure free from cracks, although not fully explored, 
is now regarded with less concern than formerly. 


(7) Combinations of Variables 

It is recognized that certain combinations of the above 
factors are particularly undesirable. These combina- 
tions must be evaluated quantitatively. 


DISCUSSION INVITED! 


Suggestions for Amplification or Improvement of the Weld Stress Statement given 
above are Cordially Invited. Send Communications to William Spraragen, Welding 
Research Council, 29 West 39th Street, New York 18, N. Y. 


How Does Propagation 


of a Small Crack Take 
Place in Thin Plates? 


By L. E. Grintert 


OR years the rapid propagation of cracks in rela- 

tively thin welded plates has created a feeling of 

concern not associated with similar riveted plate 
structures. Static tests of the cracked plates usually 
have indicated sufficient residual ductility so that the 
material could not reasonably be classed as fundamen- 
tally brittle under either the uniaxial or biaxial state of 
stress to be expected in a thin plate. Since such cracks 
have been observed to cross and recross welded seams 
without any particular tendency to follow along the line 
of the weld, it has not seemed probable that the weld 
metallurgy had much if anything to do with the progress 
of the crack although the residual stresses left in the weld 
and the base metal alike by the welding process were no 
doubt involved. 

Although tests of materials under controlled triaxial 
tensions have never been carried out because of mechani- 
cal difficulties, certain tests on notched bars supple- 
mented by theoretical considerations point to the fact 
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that the probable plastic deformation of any material 
before failure reduces steadily as the critical stress condi- 
tion of equal triaxial tensions is approached. Under such 
an idealized stress condition, the most ductile steel may 
well behave much like the common conception of glass. 
Since rapidly progressing cracks in thin steel plates usu- 
ally show the typical herringbone pattern of brittle or 
cohesive failure, except possibly for a short length where 
the crack started, it seems evident that a triaxial state of 
stress may well be involved. 

It is easy to visualize the possible existence of triaxial 
tensions in plates an inch or more in thickness since the 
zero stress normal to the surface might conceivably be 
changed by nonuniform shrinkage to a tension near the 
mid-depth of the plate. For plates of ' , in. thickness, 
which are also susceptible to progressive brittle cracking, 
no stretch of the imagination seems to suggest a residual 
internal tension normal to the plate surface of significant 
magnitude. Hence, if such tension occurs and is the 
cause of progressive failure, it must apparently be de- 
veloped by the mechanism of the fracture itself. 

All wide steel plates with or without heavy lateral re- 
straint operate under a system of nonuniform biaxial 
stresses which probably approach the elastic limit of the 
steel. In pressure tanks, for example, the applied biaxial 
stresses are superimposed upon other biaxial stresses left 
by the welding process. Accordingly, in the figure there 
is shown a wide plate under biaxial tensions, which, after 
considerable deformation, have produced a_ horizontal 
crack. If this thin plate is of normally ductile steel 
loaded at room temperature, the first inch or two of the 
crack will be found to be a slipping shear fracture. 
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Lni tial shear crack 
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Stresses on Particles Adjacent to the End of a Crack in a Wide Plate 
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Thereafter, the crack may progress with a brittle her- 
ringbone fracture. 

In the figure the wide plate is resisting a unit stress S, 
in the horizontal direction and a unit stress S, in the 
vertical direction. There is no applied stress perpen- 
dicular to the plate, or S, = 0. After the ductile failure 
starts, producing the shear crack of length x, the stress S, 
over the vertical strip of width x can no longer be carried 
by this strip of the plate but must be shifted to adjacent 
strips to the left and right of the ends of the crack. Thus 
the particle A is shown witha stress S, = 0 while for the 
particle B the stress S, is undoubtedly very high. Cer- 
tainly then, the crack should progress since the stress S, 
at the end of the crack is now greater than the applied 
stress S, which was high enough to start a ductile failure 
in the first place. However, this does not explain the 
change in character of the fracture from ductile to brittle 
as the crack progresses. 

Consider, however, the change in thickness of the plate 
near the end of the crack. At particle A the reduction of 
the stress S, to zero permits a thickening of the plate 
(Poisson’s ratio effect). At the adjacent particle B the 
great increase in the stress S, tends to reduce the thick- 
ness of the plate. Within a very short distance, there- 
fore, and to either side of the end of the crack, the ma- 
terial is restrained by a sudden change from a desire to 
thicken to a desire to thin down. The result is that 
particle A is thrown into compression and particle B is 
thrown into tension normal to the plate, with the result 
that a triaxial tension of some magnitude appears certain 
to exist near the end of the crack. 


To form some quantitative measure of the possible 
magnitude of such triaxial tension, assume that S, equals 
40,000 psi., the elastic limit of the material. At particle A 
the release of the tension S, to zero would produce a 
tendency for this particle to thicken (Poisson’s ratio 
effect) by about 25% of its change of strain in the plate 

0.25 40,000 
Hence, 3, = 0.25 3, = 30,000,000 
1/3009 in. per in. But for particle B the stress S, might be 
increased from 40,000 to 80,000 psi. This increase of 
40,000 psi. would produce a tendency of the plate to thin 
0.25 40,000 
If we assume that particles A and B restrain each other 
and end up with identical thicknesses, each must be de- 
formed by an average normal stress in the amount of 
(?/s900) 30,000,000 = 10,000 psi. 

The analysis above is a rather crude approximation for 

several reasons: First, although the stress on particle A 


direction y. 
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in the y direction must be zero, the correspondi 


on particle B is not necessarily twice the origina! valye ,; 


S,. It might be somewhat lower but more |i! 


ly 
siderably higher. Second, the two particles 4 ang p 
are not necessarily adjacent particles so that son ' 
change in thickness between the two might 
relieve the stress that must be developed norm 
plate. The geometry involved seems to indicate tha 
this action might be significant in reducing deforr, 
d 
hardly be important for plates exceeding a quarter o/ a 
inch in thickness. Third, the developed normal stress js 
not uniform through the thickness of the plate but is zero 
at the surface and reaches its maximum value at the mid. 
depth. Taking these three influences into consideratioy 
(two of which would increase the estimated stress), we 
may feel that the estimate of 10,000 psi. for the third 
triaxial tension near the end of the crack is reasonable 
and probably conservative. It is also probably high 
enough to explain the change from ductile to brittle 
failure when added to other factors that reduce ductility 
at fracture. 

The fact that the tension developed normal to the plate 
is zero at the surface and reaches its maximum value at 
the mid-depth, may explain the characteristic herring. 
bone pattern. The biaxial stresses well ahead of the 
crack at the surfaces would appear to be sufficiently high 
to produce shearing deformation and fracture if per 
mitted time to deform the material. At the mid-depth 
of the plate only the high stress concentration near the 
end of the crack would be adequate along with the third 
directional tension to produce a cohesive fracture. 
Hence, some pattern such as the herringbone poirting 
back toward the initial point of fracture seems under- 
standable. 

Although this discussion has assumed that fracture 
would originate by shear deformation and would then be 
propagated by triaxial brittle fracture, the wholly brittk 
fracture is equally important. If we assume that the 
combination of high stresses, low temperature and section 
changes producing notch effects are jointly sufficient at 
any one point to start a brittle fracture, it becomes clear 
(from the theory expounded above) that this fractur 
may propagate itself through areas of lower stress in a 
brittle manner even in thin plates. Accordingly, metals 
of high notch sensitivity at any working temperature 
must not be used for structures with section changes. I! 
the original fracture is certain to be ductile, even though 
cracks may propagate themselves in a brittle manner, the 
usual factor of safety through initial deformation still 
exists. 
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Supplementary Report of Model Tests 
of Weld Reinforcements for the 


Hatch Corners of Welded Ships 


By Commander G. L. Smith, U.S.N. (Ret.)* 


Abstract 


Further tests with model plates are described, supplementing 
those reported in David Taylor Model Basin Report R-2897 of 
November 1944. The tests were carried out to determine the 
proper distance of diagonal reinforcing welds from the corners of 
rectangular openings and the best type of weld to be used. 

fests of welded specimens which could be pulled in the Baldwin 
Southwark 600,000-Ib. testing machine of the Taylor Model Basin 
vere made to determine the distance factor; other tests were made 
n the National Bureau of Standards 1,150,000-Ib. Emery testing 
machine to determine the best type of weld. 

These tests indicate that the best position of the weld was at 
me plate thickness from the corner of the opening, and that a 
ingle weld with a width of one and one-half and a height of one-half 
plate thickness would add 7600 psi. to the strength of the plate 
This substantiates the figure given by Commander Westergaard 
in his analysis of the problem in Appendix 1 of TMB Report 
R-289.t 

rests of large plates at the National Bureau of Standards 
indicated that a type of diagonal weld composed of overlapping 
parallel beads of varying length is most effective in preventing 
racks at the hatch corners. 


Introduction 


HE previously published Taylor Model Basin 

Report R-289 described a brief series of tests 

which indicated that one or more diagonal welds 
outside each corner of a rectangular opening in a steel 
plate tensile specimen increased the strength of the plate, 
especially for failures which occurred by tearing at the 
sharp corners. 

In this case the tensile specimen represented the deck 
ot a ship with a large rectangular hatch opening with 
square corners under tensile loading. The diagonal welds 
were intended to place the metal of the deck plate in 
initial compression at these corners and thus to increase 
the over-all load which the plate could carry before the 
metal at the sharp corners reached the fracture point. 

The purpose of the additional tests described in this 
report was to determine the effect of certain variables in 
this procedure, and to establish some simple preliminary 
rules for using these diagonal welds in the design and 
construction of ships and other structures. 


General Outline of Tests 


This supplementary series of tests is divided into two 
principal groups: 


|. Tests of narrow plate specimens to determine 
the best position of reinforcing welds relative to 


* Navy Dept., David Taylor Model Basin, Washington, D. C. 
| Published in the May 1945 issue of the Supplement te The Welding 
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3" 7" 


C kK > plates, dimensions 


are given below. 
B 6" 
C C 
D 4" 
A 1/2 
} F Var. 
H G z 
H | 1/32" 
K| 1/2 Cc 
For > plotes B= 64 and 
org plates B=65 a 
G= 4 , other dimensions 


the same. Dimension F 


varied as follows: C, 20, 
30, 4C. 


Fig. 1—Sketch Showing Dimensions of Small 6- x 36-In. Plates 


a transverse cut, and to substantiate the theory 
outlined in Commander Westergaard’s analysis, 
Appendix 1 of TMB Report R-289. 

2. Tests of plates '/, to 7/s in. thick with large 
rectangular openings, to determine the effect 
of single and multiple diagonal corner welds, 
extending the series described in TMB Report 
R-289. 


Test Specimens and Procedure 


All plate specimens were cut from medium steel plate. 
The specimens were fashioned from the rolled plates by 
flame cutting; then the rough spots were ground off. 
The specimens were cut so that the tensile load was ap- 
plied in the direction of rolling of the plate. Square 
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Table 1—Test Results for Narrow Plate Specimens 


Maximum Gain in S, 
Plate Distance from Maximum Load Net Area in Calculated Stress, Due to We 
Thickness Specimen Weld to Saw Cut at Fracture, Lb Tension, In.” Psi. 
1/4 326 No weld 94,000 1.406 66,800 
1/, 327 99,300 1.406 70,600 
1/, 328 2C 100,600 1.406 71,600 
1/, 329 3C 99,600 1.406 70,800 L000) 
330 1C 95,200 1.406 67,700 
l/, 326-D No weld 78,000 1.406 55,500 
327-D 90,000 1.406 64,100 
328-D 2C 85,000 1.406 60,500 5000 
1/, 329-D 3C 85,000 1.406 60,500 5000 
330-D 4C 86,500 1.406 61,500 5000 
3/5 332 No weld 111,000 2.109 52,600 
333 123,200 2.109 58,400 S800 
3 334 2C 120,000 2.109 56,900 1300 
8 335 3C 121,000 2.109 57,400 tS(H) 
M/s 336 4C 118,000 2.109 56,000 3400) 
7/16 350 No weld 127,000 2.451 51,900 
351 Cc 149,000 2.451 60,800 9100 
7/16 352 2C 148,000 2.451 60,400 8700 
T/hi6 353 3C 145,000 2.451 59,200 7500 
354 4C 139,L00 2.451 56,700 5000 
'/s 337 No weld 150,000 2.812 53,400 
t/s 338 ts 177,000 2.812 63,000 9600 
I/s 339 2C 170,000 2.812 60,500 7200 
340 3C 167,000 2.812 59,400 
I/s 341 4C 160,000 2.812 56,900 3600 
5/, 346 No weld 201,000 3.750 53,600 
5's 347 C 224,000 3.750 59,800 6200 
348 2c 222,000 3.750 59,200 
b/s 349 3C 223,000 3.750 59,500 5900) 


* The value of C is the thickness of the plate in inches. 


corners in the openings representing hatch corners were 
finished by hand filing. 

A transverse notch was made with a hack saw in each 
specimen of the first group. Welds were applied per- 
pendicular to the notch and at different distances from it. 

The second group of specimens had rectangular open- 
ings. All corners of the openings were cut square. Welds 
were applied near the corners. These specimens were 
made single-ended to conserve material. In other words, 
the two parts of the specimen lying alongside the opening 
were connected at one end directly to one of the loading 
heads, with some slight spread in the width to prevent 
fracture at that point. 

The ratio between the width of the opening and the 
over-all width of the specimen was varied at first to de- 
termine what effect such a variation would have upon the 
effectiveness of the welds. In later specimens this was 
stabilized at a value of one third. 

All welding beads were applied by using EA electrodes 
and by following a welding procedure as specified under 
the heading Analysis of Results. Welding beads were 
applied on only one side of the plate on all specimens ex- 
cept Specimens 323, 324 and 325. In the second group 
of specimens all welds were applied at an angle of 30° 
with the length of the opening. 

The specimens in the first group were narrow enough to 
be pulled in the 600,000-lb. universal testing machine 
at the Taylor Model Basin without the use of pulling 
heads. The larger specimens of the second group’ were 
tested in the Emery machine at the National Bureau of 
Standards, which has a capacity of 4,150,000 Ib. in ten- 
sion. All tests were made at room temperature, about 
70° F. 

Further details of the individual specimens are given 
in the following section, along with the test results in 
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which total loads are converted into pounds per squar 
inch across the net section to facilitate comparison. 


Details of Specimens and Test Results 


Narrow Plate Specimens 


The typical shape and the dimensions of the specime 
in this group, designed to determine the effect of vari 
tions in the transverse distance between a sharp tran 
verse cut and a welding bead, are shown in Fig. |. 1) 
notch or cut was made with a hacksaw and the weldin 


bead was laid on one side of the plate only. 

The test specimens in this group were cut trom 
3/g-, and °/s-in. plate. 
of the tests and Fig. 2 shows the data plotted in graph 


cal form, giving the maximum load on a basis of welding 


bead spacing. 


In all cases the plates broke at the saw cut through th 
The photograph of Specimen 328 (Fig. 3) show 


weld. 

a sample of the saw cut and the fracture obtained. 
This group of tests with '/,-in. plates was repeated | 

get a better average curve of performance. 


Fig. 2. 


The heavy curve in Fig. 2 represents the meat curv! 


for */s- to 5/s-in. plates, inclusive, and shows a maxunw! 
gain in strength due to the weld of 7600 psi. The we 


ing bead spaced at one plate thickness from the saw “ 
The curves do" 


was the most effective in all cases. 
indicate any variations due to plate thickness but ¢ 


Table 1 lists the result 


However, 
deriving this curve the figures for the '/,-in. plate we" 
omitted as the material of this plate appeared to be ou! 
of line with the general run of medium steel plating, “ 
shown by the curve for this plate thickness plotted « 


show W 
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Breaking Load in kips 
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ope 


a Load at Which Load at Which Elastic 
" Scaling Began, Liiders Lines Limit, 
Specimen Psi. Appeared, Psi. Psi. 
22 31,600 37,500 38,000 
323 29,300 32,600 
WU 324 23,400 33,400 
325 33,700 33,700 
Av. 28,100 34,300 35,850 


Welds, all at 30° angle with length of plate. 


Length, 
Specimen Type and Number of Welds In. 
322 Double one side 10 
me 323 Single one each side 10 
Ny) 32 Single one each side 10 
me 325 Single one each side 10 


show without any doubt the best position for the weld 
1) with respect to a saw cut or corner. 


0) Large Plate Specimens 
Test of '/2-In. Plates 

Four specimens '/2 in. thick were tested at the Bureau 
M) of Standards. Figure 4 shows the dimensions and Table 
2 the welds used and the results obtained. 

A careful recording of scaling and Liiders lines in 
Specimens 323, 324 and 325 (Figs. 6 to 9) showed that 
the first scaling on all three plates started at the sides of 
the hatch openings between these sides and the end of 
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Table 2 


Load at 
Failure, Gain in Stress Type of 
Psi. Due to Weld, Psi. Fracture 
47,750 — 250 Brittle 
55,600 +7 ,600 Ductile 
61,700 +13,700 Ductile 
53,800 +5, 800 Ductile 
50,000 +2. 000 Ductile 
53,310 
Width, Height, Spacing Apart, Spacing from 
In, In. In. Corners, In. 

1/, 
3/5 
l 3 8 

This specimen 

vas 36 in. long, 

hn. wide ana ‘4 

in. thick with a saw 

tut in. deep on 

one side and a weld 


Fig. 3—Specimen 328 


the weld. As the tension increased, there appeared to be 
no definite pattern for other evidences of scaling or 
Liiders lines, except that any evidence of strain was con- 
siderably delayed in the vicinity of the corners. 

The failure of Specimen 322 (Fig. 5) at 47,750 psi. was, 
in part at least, attributed to welds not up to intended 
size. Neglecting this plate, the average load at failure 
was 55,100 psi. 

Failure of Specimen 322 (Fig. 5) was progressive. 
Brittle cracks developed from the corners to the first 
weld and stopped. In a few moments this weld broke 
and a ductile crack extended to the second weld and 
stopped. A few moments later the second weld broke 
and the crack started across the sides of the plate. 

Examination of the fractures of the '/-in. plates, which 
showed ragged tearing in spots, indicated that the quality 
of the material fram which they were cut was not good. 
The performance of the plates during the test confirms 
this opinion. Two plates, without welds or openings, 
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Fig. 4—-Sketch Show- 

ing Dimensions of 

1/-In. Plates with 
Double Welds 


Specimen 


20 
15 


were tested to determine the physical characteristics of 
the steel. The average ultimate load for these two plates 
was 53,900 psi. If the average breaking load of a 
slotted specimen without welds is assumed to be 48,000 
psi. then the welds produced a gain of —250 psi. for 
Specimen 322, 13,700 psi. for Specimen 323 on the second 
test (Fig. 7) 5800 psi. for Specimen 324 (Fig. 8) and 2000 
for Specimen 325 (Fig. 9). 

Due to the peculiar results obtained from the first 
group of '/s-in. plates Specimens 322, 323, 324 and 325, 
and in view of the results obtained from overlapping 
welds on °/s- and 7/s-in. plates, four more '/2-in. plates 
were tested to study overlapping welds. The first plate 
had no welds, the second one a single weld, the third one 


Fig. 5—Specimen 322 


This specimen was cut from !/;-in. plate. Two parallel welds 
were laid across each corner on one side of the plate only. The 
welds were 10 in. long, 11/st in. wide, and 1/3t in. high, and were 
spaced t in. apart and 1!/st in. from the corners, where f’is the 
thickness of the plate. This plate was similar to Specimen 321 
(see TMB Report R-289) but was 50% larger. 

Scaling began at a load of 31,600 psi., Liiders lines at 37,500 psi. 
and drop of beam at 38,000. A brittle crack began at the left 
corner at a load of 47,700 psi. A few moments later, at the same 
load, a similar crack started at the right corner. The cracks spread 
to the second weld and the plate broke at a load of 47,750 psi. 
The fracture was in the brittle mode to the first weld and in the 
ductile mode through the second weld. 


Fig. 6Specimen 323a 


This specimen was cut from the same !/2-in. plate as Spe 
322. The welds were 10 in. long, 2t in. wide and 4/¢t ir 
and were at a distance t in. from the corner. The weld: 
both sides of the plate. This plate was similar tc 
(see TMB Report R-289) but 100°7, larger. 

Scaling began at a load of 29,300 psi., Liiders lines at 32, 

At a load of 55,600 psi. a crack developed in the lower right-ha 
corner as shown in the photograph and the test was discontinued 


Cc, 
wopecime 


Fig. 7—Specimen 323b 


This is the same plate as Specimen 323a. The crack in th 
lower right-hand corner was welded up and the lower out 
corners of the plate were reinforced by fillets, as shown in th 
photograph. 

The plate was again tested to brittle failure at a load « 
psi. Test specimens were cut from the sides of the plate 
accounts for the narrow upper section. 
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Fig. 8 Specimen 324 


This specimen was cut from the same '!/;-in. plate as Specimen 
322. It was 40 in. long and 44 in. wide with a centrally located 
pening 18 in. wide starting 20 in. from the upper head. The 
width of the sides was 13 in. This opening was 50% wider than 
iat of Specimen 323. The welds for this plate were the same 

those tor Specimen 323. 

Scaling began at a load of 23,400 psi., Luders lines at 33,400 psi. 
At a load of 53,800 psi. the plate started to fail in the ductile mode 

hown in the photograph. 


a double weld and the fourth one a triple weld. The 
dimensions of these plates are given in Fig. 10. 


Tests of */s-In. Plates 


Four specimens °/s- in. thick were tested at the Bureau 
of Standards. These specimens were 48 in. long and 42 
in. wide with a centrally located opening 14 in. wide 
which started 24 in. from the upper head. The width of 
each side was 14 in. The location and size of the welds 
are shown in Fig. 15. Table 3 gives the results of the 


Fig. 9—Specimen 325 


This specimen was cut from the same !/2-in. plate as Specimen 
322. It was 30 in. long and 44 in. wide with a centrally located 
opening 24 in. wide starting 15 in. from the upper head. The 
width of the sides was 10 in. This opening was 100% wider than 
that of Specimen 323. The welds for this plate were the same as 
those for Specimens 323 and 324. 

iiders lines appeared at a load of 33,700 psi.; general scaling 
began at 36,700 psi. accompanied by drop of beam. At a load 
ot 90,000 psi. the plate failed in the ductile mode as shown in the 
photograph. 
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Specimen| Welds 


357 None 
358 Single | 1/4" 
359 Double | 1/4" 
360 Triple | 1/4" 


Fi 


. 10—Sketch /,-In. Plates with Over- 
apping Welds 


tests of these specimens. All specimens were tested at 
room temperature. 

These specimens were pulled to test the suitability of 
different types of welds on one side of the plate only. 
Single welds on each side did not show up very well on 
'/s-in. plates, Specimens 323, 324 and 325. This design 
was also considered impracticable. 

Overlapping welds were then tried with the results as 
shown in Table 3. Specimen 345 (Fig. 19) with three 
overlapping welds, showed a gain of 14,500 psi. while 
Specimen 344 (Fig. 18), with two overlapping welds, 
showed nearly as well with a gain of 13,800 psi. 


357 358 


Fig. 11—Specimen 357 Fig. 12—-Specimen 358 


Specimen 357 was cut from a large !/»-in. plate. Its dimensions 
are given in Fig. 10. No welds were applied. The plate was 
tested at room temperature. Liiders lines showed up from the 
corners toward the upper head at a load of 22,6 psi. for one 
corner and at 28,200 psi. for the other one. Drop of beam occurred 
at 37,200 psi. A crack started at the left corner at 47,800 psi. and 
at the right corner at 48,100 psi. The maximum load was 49,400 
psi. with a crack at the left corner about 1 in. long as shown in 
the sketch. Failure started at 48,000 psi 

Specimen 358 was cut from the same large '/2-in. plate as Speci 
men 357. Its dimensions are given in Fig. 10. A single weld was 


applied at each corner and spaced !/2 in. from it. The weld was 
12 in. long, 1 in. wide and !/,in. high. The plate showed Liiders 
lines at a load of 13,100 psi. between the sides of the opening and 
the ends of the weld. General scaling began at 37,000 psi. and 
drop of beam at 37,100 psi. Small line cracks showed up at each 
corner at 47,600 psi. The end of the weld tore from the sides of 
the plate at 53,300 psi. A crack reached the left weld at 54,200 psi. 
and the weld gave way at 55,000 psi. as shown in the 

Gain due to welds, 7000 psi. over Specimen 357. 
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Table 3 


Load at Which Load at Which Load at Which 
Sealing Began, Location Drop of Beam Crack Started, 
Specimen Psi. of Sealing Occurred, Psi. i 
342 38,300 Around 38,600 48,400 
corners 
343 13,600 "ied 49,300 56,700 
344 19,600 P 
345 8,600 P 
Av. 43,950 


Average tensile strength of two test specimens—63,700 psi. 
* See Fig. 15. 


Location of Crack 
Corners 


Corners 
End of right weld 
End of left weld 


Specimen 343 (Fig. 17) showed that the weld, in itself, 
adds very little strength to the plate as the crack ran up 
to the weld at 57,200 psi. and then through it at 57,400 
psi. The gain due to the weld as shown in Table 3 was 
9000 psi. 

This gain due to the welds on Specimen 545 (Fig. 17) 
again confirms Commander Westergaard’s calculations 
given in Appendix 1 of TMB Report R-289, while the 
record from Specimens 344 and 345 show his figure of 
7000 to be too low. 

The photographs A, B, C, D, E and F, taken while 
pulling Specimen 345 (Fig. 19) which was coated with 
whitewash, give a very clear picture of the development 
of strains in the plate. In all plates pulled at the Bureau 
of Standards the first evidence of strain showed up in the 
locality marked P in Fig 15 and Photograph A. Photo- 
graph B shows considerable intensification of the lines 
at P together with a few lines off the opposite ends of the 
weids. Photograph C shows strain lines across the sides 
to the outer edges, while Photograph D shows lines 
rather close to the corners. Photograph F of the back 
of the plate shows strain lines over the entire plate except 
at the end of the opening between the welds, and photo- 


359 360 


Fig. 13—Specimen 359 Fig. 14—Specimen 360 


Specimen 359 was cut from the same large !/3-in. plate as Speci- 
men 357. Its dimensions are given in Fig. 10. Two overlapping 
welds were applied at each corner as shown in Fig. 10. The plate 
showed Liiders lines between the sides of the opening and the 
lower ends of the weld at 11,300 psi. At 37,000 psi. general scaling 
began and at 47,800 psi. small cracks began to show at both corners. 
At 49,600 psi. the lower corner of both long welds began to tear 
away from the plate, and at 58,400 psi. the plate developed a crack 
at the end of the left long weld as shown. Gain due to welds, 
10,400 psi. over Specimen 357, 

Specimen 360 was cut from the same large plate and had the 
same over-all dimensions as Specimen 357. Three overlapping 
welds were applied at each corner with the lower end of the long 
weld tapered off to reduce the tendency to crack at that point-as 
shown in Specimen 359. The plate showed Liiders lines at a load 
of 12,400 psi. from the lower ends of the long welds to the sides 
of the opening. General scaling began at 33,600 psi. and drop 
of beam at 36,800 psi. At 53,300 psi. a slight line crack showed 
up at one corner. At 54,400 psi. the tapered end of one long weld 
began to tear away and at 57,000 psi. a line crack showed up at 
the other corner. At 61,900 psi. a crack ran through the left 
welds as shown above. Gain due to welds, 13,900 psi. over Speci- 
men 357. 
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48,400 
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62,200 13 

62,900 14 
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Fig. 15—Size and Position of Welds on Specimens 343, 344 and 
345 


Specimen 
1-4-4 


356 


Table 4 


Load at 
Load at Which Drop Load at Gain in 
Which Scaling of Beam Fracture, Stress Due to 
Began, Psi. Occurred, Psi. Psi. Weld, Psi 
32,300 32,300 43,900 
21,100 33,000 61,300 17,400 
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Figure 16—Specimen 342 


Specimen 342 was cut fror 


5/s-in. plate. No wel 
used on this plate. Th 


men began scaling ar 


e 


corners at a load of 38,3 


General scaling and 
beam occurred at 38, 
Ductile cracks started 
corners at 48,400 ps 
cracks extended slowly 


tc 


1 in. on one corner and * 
on the other at the maxi! 


load of 51,100 psi. as s 
the sketch. 


h 


4 with tl 
P 30° hen 
We s is IC 
> 5" 
® / 
345 
P 
" 30° 
4 
| 
the 
0 psi. 
ot 


nd 


to 


NE 


Fig. 17—Specimen 343 


pecimen was cut from the same 5/s-in. plate as Specimen 


242. A single weld was laid at each corner at an an gle of 30° 


e lo ngitt idinal center line. The weld was 10 in. long, 2t ir 


ride and 1/st in. high; it was spaced t in. from the corner, where 


plate thickness. 

he specimen showed signs of Liiders lines between the ends 
f the welds and the sides of the opening at 13,600 psi. General 
1g occurred at 36,600 psi., and drop of beam at 49,300 psi. 
*k began at the left corner at a load of 56,700 psi., and at 
corner at 57,000 psi. The crack in the left corner reached 

weld at 57,200 psi. and ran through it at 57,400 psi. as shown 
the phe stograph. 


Fig. 18—Specimen 344 
This plate was cut from the same large plate as Specimen 342. 
ne welds were applied in a different manner than for the former 
plates. The same 30° angle was used but the outer weld, which 
was laid on first, was 10 in. long and the inner weld was 8 in. long. 
the welds were located at plate thickness, §/s in., from the corners. 


he welds were !/, plate thickness high and 1 in. wide with the 
id weld overlapping the first by 1/, in. 
“Th 6 specimen showed signs of Liiders lines and scaling at a load 
19,6 ) psi. between the sides of the opening and the ends of the 
welds. General scaling developed at 37,500 psi. but no scaling 
iders lines showed up near the corners of the opening until a 
‘oad of 48,000 psi. was reached, about the load at which Specimen 
342 began to crac k. A very small crack developed at one corner 
93,700 psi. and oop? at the other corner at 54,80( psi. but 
they did not increase in depth. A crack began to open up at the 
end of the right weld Y” 62,200 psi. and spread both ways to a 
‘tile failure of the right side. This caused the heads to rotate 
on the pins and the left side failed in the brittle mode at the corner, 
‘tearing through the welds as shown in the photograph. 


1945 REINFORCING HATCH CORNERS 


Fig. 19—Specimen 345 


The specimen was cut from the same 5/s-in. plate as Specimen 
342. Welds were applied in the same manner as for Specimen 
344 except that three welds were applied at each corner. The 
first one was 12 in. long, the second one 10 in. long and the third 


ne 8 in. long. They were placed at plate thickness from the 
corner. The welds were 1 in. wide and le hi 
with the second weld overlapping the first, and the third over 
lapping the second by !/, in. 


The specimen was whitewashed to show more clearly the Liiders 
lines and scalin 1g. The first evidence of Liiders lines was noted 
at a load of 86° 10 psi. between the ends of the welds and the sides 


of the opening. 


graph F shows them beginning in this area. This group 
of photographs is very convincing evidence of the value 
of the welds in removing stress intensifications from the 
vicinity of the corners. 


Tests of */s-In. Plates 


Two specimens */s in. thick were tested at the Bureau 
of Standards. These specimens were 48 in. long and 30 
in. wide with a centrally located opening 10 in. wide 
which started 21 in. from the upper head, as shown in 
Fig. 20. Table 4 gives the results of the tests of these 
two specimens. The specimens were tested at room 
temperature. 

Specimen 355 which had no welds broke in the brittle 
mode on both sides at the same time. Specimen 356 
which had 3 welds arranged as shown in Fig. 20, broke in 
the ductile mode at the ends of the right welds. As in all 
other plates tested, scaling was first noted in the area be- 
tween the sides of the opening and the lower ends of the 
welds. 


Analysis of Results 


The data obtained from the tests of narrow plates of 
various thicknesses showed sufficient uniformity to war- 
rant the conclusion that a weld reinforcement at a cut 
or corner should be spaced plate thickness from the cut 
or corner. 

The gain in strength for various thicknesses due to a 
single weld spaced at plate thickness from a cut or corner 
varied as follows: '/, in., 6200 psi; */s in., 5800 psi.; 
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Fig. 19 (B) 


Fig. 19 (C) ) Fig. 19 (F) 


Fig. 19 (A), Specimen 345, shows Liiders lines at a load of 10,200 psi. Fig. 19 (8), Specimen 345, show: 
strains developed practically to the edges of the slot at 32,000 psi. Fig. 19 (C), Specimen 345, at 37,70 
shows the scaling action working closér to the welds and Fig. 19 (D), Specimen 345, at 43,600 psi. shows sc: 
working closer to the corners. Fig. 19 (£), Specimen 345, at 48,600 psi. shows general scaiing on the ba 
the plate except near the welds. At 62,700 psi. the metal began to tear away from the lower ends of the « 
welds. Fig. 19 (F), Specimen 345, was taken of the back of the plate at this stage. At 62,900 psi., failure b: 
on the left side below the welds; this side broke in the ductile mode as shown in the photograph. 
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Leth. | Wdth. Ht. | fron 
1 6" 3/8" 
21 10" ™ 11/4" | 5/8" 
12" 71/4" | 7/8" 


Fig. 20—Sketch Showing Dimensions of ’/;-In. Plates and 
Position of Welds 


in., 8900 psi.; in., 9600 psi.; °/s in., 6200 psi. 

This shows no relation between plate thickness and 
gain, and it may be assumed that the average of the 
above figures would apply, in general, to any plate thick 
ness. 

Specimens 323, 324 and 325 were all given the same 
type and size of welded reinforcement; the only variable 
was the width of the hatch opening. Width of sides and 
breaking loads were as follows: Specimen 323-—16-in. 
sides, 61,700 psi.; Specimen 324—13-in. sides, 53,800 
psi.; Specimen 325—10-in. sides, 50,000 psi. 

This increase in breaking loads with the increase in 
width of the sides tends to show that welds successfully 
fulfilling the requirements of tests on plates limited in 
width by the capacity of the testing machine would be 
no less effective on wide plates used for the ship's 
deck. 

Overlapping welds, first tested on °/s-in. plates and 
then on 7/s- and '/s-in. plates, show a marked advantage 
over single welds, one on each side of the plate. Figure 23 
shows a curve of gain due to welds versus the number of 
welds. The data are not conclusive because of the small 
number of plates tested but they point to a safe formula 
which can be used in applying the welds to ships in serv- 
ice. 

Four points on this curve were obtained by averaging 
the gain for 1/2-, °/s- and 7/s-in. plates. The form of the 
curve is predicted beyond the three weld line under the 
assumption that it fairs off to a horizontal line repre- 
senting the ultimate strength of the plate, between 63,000 
and 64,000 psi. It was therefore considered unnecessary 
to pull plates with more than three overlapping welds 
applied at the corners; the nature of the curve is such 
that a prediction of the gains beyond the three-weld line 
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would be just about as accurate as the results obtained 
by test. 

The figures alongside the curve in Fig. 23 show the 
gain in pounds per square inch which may be expected 
from each weld. As the number of welds increases, the 
gain drops, the sixth weld adding only 100 psi.; there- 
fore, the advantage gained by more than 6 welds 1s 
negligible. The welds are laid on beginning with the one 
farthest from the corner. Welds are | in. wide and '/2 
plate thickness high up to */s in., and overlap each other 
by about '/, in. Each weld over-reaches the previous 
one by about | in. at each end and the ends of the last 
weld adjacent to the sides of the opening are tapered off 
to reduce the tendency to start a crack at these ends. 
Welds are laid on starting.at the middle and working 
toward the ends. 

The above procedure should be satisfactory for plates 
from '/, to | in. in thickness. ‘While further testing may 
show that the number of welds might be reduced some- 
what, it is believed to be good practice to put on the 
maximum of 6 welds as the cost per weld is so very small. 

Figure 24 shows a suggested layout for a hatch corner 
having a 20-in. radius. The weld is extended to bring 
the tapered end well away from the edge of the hatch, 
about 15 im. as shown, and a greater distance would be 
preferable wherever practicable. 

The length of the welds is chosen so that the probable 
location of a crack would be about at the middle of the 
weld as shown by the line L, Fig. 24. 


Fig. 21—Specimen 355 


This specimen was cut from a 7/s-in. plate. No welds were 
applied. 
Scaling began and drop of beam was noted at a load of 32,300 


psi. At 43,900 psi., the plate broke in the brittle mode across the 
corners as shown in the photograph. 
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Fig. 22—-Specimen 356 

This plate was cut from the same large plate as Specimen 355. 
The welds were applied in the position shown in Fig. 20. 

Scaling began at a load of 21,100 psi. in the area between the 
sides of the opening and the ends of the inner welds. General 
scaling began at 27,900 psi. Drop of beam occurred at 33,000 psi. 
At 53,100 psi., the metal of the plate began pulling away from the 
lower ends of the inner welds, and at 61,300 psi., the right side 
failed in the ductile mode as shown in the photograph. 


Tests have indicated ‘that the weld reinforcements do 
not have to be very long provided they bridge the prob- 
able location of the crack which may develop. For 
square corners, there is no doubt as to this location but 
for a rounded corner the crack may vary its position 
through several inches for a corner with a 20 in. radius. 
For this reason the long welds, as shown in Fig. 24, are 
suggested. 

Hatch coamings, if installed in the conventional way, 
should not interfere with the laying on of welds as shown 
in Fig. 24. Where interference does exist no thumb rule 
can be given. To determine the proper procedure in such 
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Fig. 24—Suggested Locations of Welds for Hatch Corners 


cases special tests should be conducted to cover the 
situation. 

It is realized that the tests reported on in this paper 
do not by any means cover the subject. Several months 
of testing would not remove all the questions from this 
problem. It is hoped, however, that enough ground has 
been covered to enable the engineer to make use of weld 
reinforcements in certain cases, especially on ships al- 
ready built. Welds around the corners of other openimgs 
should also be found useful while the cost involved is 1 
significant compared with the results obtained. 
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Stress Relief of Weldments for 
Machining Stability 


Preface 


[his research was prompted by one of 
the survey problems, “The Relation Be- 
tween Temperature and Time-at-Tem- 
perature for Adequate Stress Relief,”’ 
studied by R. H. Aborn and J. R. Stitt for 

National Defense Research Com- 
mittee during the Fall of 1941 and the 
Spring of 1942. The findings of that Sur- 
vey were reported in their Progress Re- 
port dated January 15, 1942, and their 
Final Report, Serial No. M-9, under con- 
tract B-150, OEMsr-68 dated July 29, 

Since thermal stress relief of weldments 
is dependent more upon the temperature 
to which the weldment is heated than 
upon the time it is held at the tempera- 
ture, this research is a study of four low- 
alloy steels as stress relieved at a range of 
temperatures from 900 to 1400° F., using 
i constant time of 2 hr. The 90° cross 
veldments used were selected by the 
author to produce specimens which will, 
ecause of their symmetry, build up sym- 

etrical residual stresses as the welds are 

ade in the four quadrants and then give 
maximum distortions when the weldment 
is machined. Distortion measurements 
ire in turn used to portray the relief of 
residual stresses. 


Abstract 


The object of this investigation was to 
determine the effect of thermal stress re- 
lief treatments, having maximum tem- 
eratures of 900, 1000, 1100, 1200, 1300 
nd 1400° F., upon the stabilities of weld- 
ments during machining operations. Speci- 
mens used throughout this investigation 
were made from four high-tensile steels, 
namely, NE-8630, SAE-4130, NAX-X- 
N15 and NAX-X-9130. 

Curves graphically depicting the im- 
provement obtained by various thermal 
treatments are shown in Figs. 3-6. The 
curve for each weldment machined in the 
as-welded condition naturally shows the 
greatest motion as the weldment is ma- 
hined and, therefore, is the highest curve 
on the graph where it appears. Assuming 
the highest curve to be 100% on each of 
these graphs, the curves for thermal treat- 
ments of 900, 1000, 1100, 1200, 1300 and 
400° F. showed motions of approxi- 
mately 50, 35, 21, 12, 5 and 4%, respec- 
tively 

* This report is published with the permission 
of the Office of Scientific Research and Develop- 
ment and with the approval of the Office of the 
Chief of Ordnance, Army Service Forces. The 
research was carried out for the National Defense 
Research Committee by the Ohio State Uni- 
versity Research Foundation under an OSRD 
contract under the direction of the War Metal- 
lurgy Committee 
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T Associate Professor of Welding Engineering, 
on leave, College of Engineering, The Ohio State 
niversity, Columbus, at present, Consulting Engi- 
heer, The R. C. Mahon Co. Detroit. 


By J. R. Stitt? 


Strain gage calculations from the same S-G 
specimens are tabulated in various forms SRA 
Five appendices supply information on 
90° cross weldments, deflection measuring 
devices, strain gage measurements, stress 
relieving and mechanical property tests 


Strain gage 
Stress relief anneal 


Steels Under Examination 


HE four steels, NE-8630, SAE-4130, 

NAX-X-9115 and NAX-X-9130 
which were investigated throughout this 
study were selected for the following 
reasons: 


Abbreviations 


B Steel NE-8630 

B-1 Specimen number designation to 
indicate the first specimen 
made of B steel (all other 


1. Availability of steels */,-in. in 
thickness and of sufficient size. 


specimens designated in the 2. Desirability of using steels similar 
same manner) to those under study at Rock 
C Steel SAE-4130 Island Arsenal in Project NRC- 
D Steel NAX-X-9115 17R. 
Kips 3. The arrival of “National Emer- 
ips 
sency”’ steels. 
Pass The weld metal deposited by one ibid oe 


4. Recommendation of the supervisor 
to study low-alloy steels widely 
used in the fabrication of gun 
mounts and tank parts. 


general progression along the 
axis of the weld 

532 psi. Constant for the Berry strain 
gage used 


| 

| 

Re) ContactAreas 

k Surtace Ground 
| On Bottom Edge 


srorked on 
One End Only 
Locariné For MTFASURING 


Fig. 1 


Travel direction of passes Nos. 1, 2, 5, 6, 11, 12, 15 and 16 is toward the marked end of 
the specimen. Travel direction of passes Nos. 3, 4, 7, 8, 9, 10, 13 and 14 is in the opposite 
direction. 

All specimens automatically welded with 5/3:-in. diame 


Typical Specimen, Type A 


ter electrodes at 130 amp. and 


25 v. which consumed 18 in. of electrodes per pass (see typical record of voltage and amper- 


age, (Fig. Al)). 
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The above steels were arbitrarily termed 
B, C, D and E steels, respectively, and for 
convenience are recognized as_ such 
throughout the project. 

The chemical analyses shown in the 
table below were made to check the analy- 
ses furnished by the producers, and also 
to assure the investigators that the correct 
steels had been obtained. 

A comparison of these analyses with 
specifications for the several steels re- 
vealed that the particular samples were 
within the specified ranges except for (1) 
higher carbon in the B steel, (2) slightly 
higher manganese and appreciably lower 
chromium in the C steel and (3) lower 
manganese and chromium in D steel. 
These three steels were used even though 
it was known that they were not quite up 
to standard. Considerable time had 
elapsed before these steels were obtained 
in */,-in. plate. The investigation would 
have been seriously delayed had we waited 
until steels of the exact analyses were at 
hand. 

It is believed that the wide variation in 
mechanical properties between the B and 


Known as Known as 

B, % C, % 
0.348 0.306 
Manganese....... 0.74 0.64 
Phosphorus. 0.022 0.020 
Sulphur... ; 0.010 0.011 
Silicon..... 0.345 0.235 
Nickel. . 0.53 
Chromium 0.57 0.67 
Molybdenum 0.22 0.22 
Zirconium. 


IN INCHES 


AVERAGE DEFLECTION 
MEASURED ON SPECIAL INCLINED FIXTURE - 4” BASE 


ANALYSES 


NE-8630 SAE-4130 


0.199 
45 

0.020 
0.015 
0.709 


SPECIMENS MACHINED IN 
AS WELDED CONDITION 
8-4 NE-8630 STEEL 
C-4 SAE-4130 STEEL 
0-4 NAX-X~-91I5 STEEL 
E-4 NAX-xX-9G0 STEEL 


—+ + 
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+ + T 
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NAX-X-9115 
Known as 
D, % 


0.48 
0.17 
0.065 


C steels may have been caused by the 
high carbon in one and low chromium in 
the other. 

B, D and E steels were used in the hot 
rolled condition. C steel was available 
only in the furnace-annealed condition 
which may further explain the low me- 
chanical properties recorded in Table XI 
for this steel. 


Conclusions 


It has been concluded that the machin- 
ing of weldments in the as-welded condi- 
tion produces varying amounts of distor- 
tion in addition to altering the stress pat- 
terns in the specimens. Some of the fac- 
tors which govern the amount of distor- 
tion are: location and sign of the stresses, 
magnitude of the stresses, geometry of the 
weldment, volume of the metal removed, 
location of the metal removed, rigidity of 
the structure, yield strength of the steel, 
yield strength of the weld metal, method 
of machining, size and location of welds, 
welding technique and original tacking of 
the specimen. 

If similar specimens, in the as-welded 
condition, are machined similarly the dis- 
tortions will be almost identical, and 
groups of these similar specimens can be 
used to study the effect of stress relief by 
thermal or other methods. 

Such studies have been conducted on 
four low-alloy steels and the stabilizing 
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INCHES 


AVERAGE DEFLECTION 
MEASURED ON SPECIAL PNCLIMED FIXTURE 4” BASE 


effects are portrayed by the “families” of 
curves on Figs. 3-6 and also by summaries 
of strain gage differences, Tables VII-X. 
It is believed by the author that weld- 
deflection curves, such 
shown in Figs. 3 to 6, will enable design- 
ing and production engineers, after only a 
few trials, to select the stress-relieving 
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STEEL 'S NE 8630 
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AMOUNT OF METAL REMOVED BY MACHINUNG IN INCHES 


temperatures 
particular weldments will remain withir 
the required tolerances during an 
each machining operation, providing th: 


NAX-X-9130 
Known as 
E, % 

0 
0 
0 
0 


which will not cause distortions by cold 
working of the metal. 

Furthermore, if a weldment is found t 
distort too much after a certain 
relieving treatment, say 1000° F 
ferring to the weldment deflection curv: 
for that steel it will be evident what stress 
relieving treatment will be necessary o1 
similar weldments to have them meet any 
tolerance which is required. 

The great accuracy of the data, curv: 
and calculations was possible becaus 


0 


0.081 


the many deflection and strain gage read 
ings taken on the 53 specimens 
approximately 1800 deflection determina 
tions and 12,500 strain gage reading 
been recorded for this project. 

The consistent ‘‘families”’ 


AMOUNT OF METAL REMOVED BY MACHINING IN INCHES 
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oossiple without the inclined measuring 
ext devised especially for this project. 
This is shown in Fig. B2. 

Cracking was encountered in the heat- 
sted zones of welds made on this par- 


re heat of NE-8630 steel. The high 
carbon naturally aggravated the tendency 
to crack. However, since the longest di- 
mensions of the cracks were parallel to the 


direction in which the stress measurements 
were made, and since the cracks did not 
extend to the surface (except for cracks in 
Specimen B-11) the data resulting from B 
steel specimens were only slightly affected 
by the numerous cracks. 


SAMPLE STRESS CALCULATIONS 


Since the l-in. high upright, which re- 
mained after cut XIII was made on 
Specimen E-4, produced —88, —92, —95 
and —98 dial division changes at stations 
1R, 1L, 2R and 2L, respectively, these 
four differences were averaged and multi- 
plied by the constant 532 psi. to obtain 
49,500 psi. Therefore, 49,500 psi. com- 
pression was relieved by the machining 
and the l-in. remaining piece was then 
relatively free of stresses. (See Table X.) 

Similarly Specimen E-12, stress relieved 
at 1000° F., produced (—29, —29, —27 
and —28 dial division changes) an average 
of 28.25 X 532 psi. or 15,000 psi. relaxa- 
tion due to machining. Data on Table V 
for stations 1 and 2 of this specimen (E-12) 
indicate 51,600 and 45,000 psi., respec- 
tively, or an average for the two stations 
of 48,300 psi. The difference between 
48,300 psi. and the 15,000 psi. is 33,200 
psi., which may be interpreted as the stress 
relief accomplished by 1000° F. stress 
relieving treatment. 

In like manner Specimen E-8 produced 
—12, —14, —10 and —10) an average of 
11.5 X 532 psi. = 6100 psi. Table V 
shows average of 49,050 psi. or 49,050 — 
6100 = 42,950 psi. as the stress relief 
accomplished by the 1200° F. 
relieving treatment 

It is interesting to note from the two 
paragraphs immediately above that Speci- 
mens £-12 and E-8 indicate a reduction 
of stress in the order of that shown in the 
following calculations: 


stress- 


33,300 psi. 
(E-12) 48,300 pai. 
42,950 psi. 
49,050 psi. 


xX 100 = 69% 


(E-8) X 100 = 87.5% 

A comparison of these values with aver- 

ages from Table I is most interesting 

(i.e., H-12, 67.6 and E-8, 85.7). 
Calculations for the other steels show 

the following stresses remained after the 

various stress-relieving treatments: 


Over-All Reduction in Percentage of the 
Internal Stresses 


In Table I attention should be called 


TEMPERATURE OF SRA 


wre 
ome hee tom 
—  _ — 
C-ll AFTER 2S | | 
C-10 ITER - 2 —i— + O12 
C-7 AFTER Sha - 25 —+-—— 
= C-6 WOWMD MTR (2007 lous 
19.10 | 2 MACHINED AFTER 2 HAS \ 
Lt 4 
| 0.09 008 
inal 
z= 
t \ 007 
= 
S| 0.06 0.06 
35 
pees T T 004 
| 
| 1A \ 
AMOUNT OF METAL REMOVED BY MACHINING 
Fig. 4 
or aa was 
x TEEL 1S NAX-*- QUE 
008 
008 o8 
zé 
ue 
| 0.06 
35 
005 
= 008 
2 
= 
03 
002 
Fig. 5 


to the consistency of values at different 
cut levels. This fact leads the author to 
believe that the average values can be ex- 
pected to hold for smaller cuts than any 
which have been recorded in this investi- 
gation. 

In effect, the area under the curve in 
the as-welded condition might be 
sidered 100°. Were we to calculate the 
area the as-welded condition 
curve and any of the other curves for the 
same steel we would find (in percentage) 
this area to be almost the same value as 
shown for the same specimen in Table I. 


con- 


between 


900° 


1200° 1400° 


Steels 1000° 1100° 1300° 
— 21,400 — 15,600 — 8,000 — 5,300 000 — 1,200 
— 19,100 — 14,000 — 6,400 — 4,800 — 100 + 6500 
D ore — 19,400 — 13,800 — 7,200 — 4,500 + 400 + 1,600 
tes — 21,300 — 15,000 — 9,200 — 6,100 —1,900 000 
Note: — indicates relaxation of compression; + indicates relaxation of tension. 
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Discussion of Comparative Data Sheet, 
Table II 


Immediately under the specimen num- 
bers are listed the type of steel, kind of 
welding, number of beads, kind of elec- 
trode and depth and length of the speci- 
mens. This information supplemented 
with several footnotes describes the 
various specimens in detail. This enables 
the reader to tell at a glance that the 
variables, A-3A and A-3B, are identical 
having been obtained by cutting a 24-in. 
specimen at its mid-point. 7-4 and 7-5 
have only the one variable, the depth. 
Therefore, it is necessary to have a second 
column headed “‘Amount Metal Re- 
moved.”” This column applies to Speci- 
men 7-5 and all others of the 4°/, in 
depth. Specimens A-3A, A-3B and 7-4 
are identical in size, type of steel, electrode 
and number of beads but vary in that 
A-3A and A-3B were automatically welded 
in a 24 in. length before cutting it to the 


333-5 


| 
| 
| 
| 
their 
withir ‘ 
| after 
th 
lanner 
cold 
ind t 
y Te. 
Curve 
stress 
Ty 
et any 
“use Oj 
read 
ital \f 
hav 
es lor 


deflections than -5. The all . 
OverR-ALL REDUCTION IN PERCENTAGE OF THE INTERNAL STRESSES PRODUCED are 
BY THERMAL TREATMENTS OF B, C, D, AND E STEELS Pp i 
Specimens B-1 and T-6 show little yay; 


(Specimens held at temperature for 2 hours) 


tion in their deflections since the op) 
Temp. Gin — difference is in the type of welding. |; | 
No. °F % 1 14 2 2% 2y, 2% 25% 2% Amt. believed that the differences in deflectio, J 
— may be caused by the slightly higher g 4 
900 585 548 523 52.6 me me weed T-4. q 
715 16.5 16.2 73.9 78.0 Specimens B-4 and E-4 are identic, | 
B-6 1200 86.4 882 87.9 886 88.7 88.0 87.4 87.1 844 87.4 except for the types of alloy stecls use . 
1300 96.5 «= 95.9 96.5 96.5 It so happens that the yield points 
1400 94.9 895.3 8695.0 96.00 95.40 94.8 94.00 98.7 95.4 hardenabilities of the two alloy steels 
ne ee 900 68.7 532 495 526 494 47.2 445 410 15.7 46.9 volved are similar enough to give appro : 
1000 «76.5 66.0 «62.3 65.0) 63.6 60.2) 59.5 mately the same deflections. 
oe 1100 87.6 82.8 81.0 83.5 82.3 79.2 79.3 80.7 75.4 81.3 Specimen E-1 having the greater ny ee 
CA, 5 chtis 1200 94.5 92.5 91.3 92.0 91.6 90.5 90.5 91.0 87.0 91.2 ber of beads shows slightly higher def) sae 
= ee 1300 97.5 982 983 97.2 96.7 963 962 96.0 93.7 96.7 tions than shown for E-4 until the ma 5 
C-2 1400 97.3 «97.7 «986 97.7 95.6 97.0 mum is reached, At this point the spe 
DB. ceca 900 56.4 43.8 43.7 44.0 466 43.2 466 49.0 46.6 46.6 men having the smaller number of bea ae 
1000 «71.4 65.3 26 @2.7 G41 60.7 @22 ... G47 642 takes thelead. It is usually conceded the: 
BB. scivie 1100 83.3 76.3 75.8 77.3 76.6 73.0 74.2 76.8 76.2 76.6 additional beads increase the volun: < 
1200 91.8 86.4 869 88.0 . 85.6 86.9 89.1 89.5 88.0 stressed meted which ia turn should ai 
X and usually thereafter it was found th ‘ 
| 5 900 62.4 57.8 54.8 54.3 53.0 51.9 50.3 50.0 37.4 52.5 the first 16 beads deposited on E-1 (x) < 
1000 «670.9 «68.1 «67.1 «69.1 67.0 7.2 65.0 67.6 of the weld metal) would have given larg 
E-9....... 1100 83.9 80.2 76.2 maximum deflections if the other 4 bead 
8. 6.2 5. 85.2 0 82, 5.7 
5 951 944 94.4 mad ‘mot been added. (The preceding 
1400 96.6 «97.3 «97.4 «097.1 96.5 statement is based on the assumption tha 
had E-1 been machined after the first | 
beads it would have produced practically : 
the same deflections as noted for E-4 - 
12 in. lengths while 7-4 was prepared 12 perpendicular to the plane of the cut at Chis phenomenon was caused by the slight 
in. in length and manually welded. the surface. change of the geometry of the specime ‘ 
Deflections of Specimen A-1 are larger Specimen 7-4 gives deflections in and the difference in the location 
than the corresponding deflections of approximately the same ranges as those final beads in the two remaining qua 


A-3A or A-3B largely because Specimen 
A-1 continued in a curve as it passed the 
indicator dial on the inclined fixture. 
Specimens A-3A and A-3B_ necessarily 
have a tangent or flat spot on the curve 
near the ends thus causing a decrease in 
the over-all deflection. (See Fig. 7.) 
The tangent is caused by the saw cut dis- 
sipating all longitudinal residual stresses 


for A-3A and A-3B; in fact, at certain 
cuts its deflection is as close to either that 
of A-3A or A-3B as are the deflections for 
A-3A and A-3B at that particular cut. 

Specimen 7-5 gives much larger de 
flections than 7-4. The entire increase is 
contributed to the decrease in depth and 
corresponding decrease in rigidity of 
Specimen 7-5. 


TABLE II 


rants. 
The fifty-three 
specimens (4%/, x 


90° cross-weld: 
12'/, in.) recorde 
Table V were prepared and automatically 
welded, as described in Appendix A. (S 
Fig. 1.) Strain gage measurements wer 
used to determine compression stress 

up by the welding of 16 passes o1 
specimen. Calculations are reprodu 


COMPARATIVE DATA SHEET — DEFLECTIONS OF VARIOUS STEELS 


Specimen 


Average deflection for opposite ends of specime 


ns in the “‘as welded” condition as taken on the inclined fixture using 4-in. base 


Steel Mild Mild Mild Mila NE8630 { 
Automatically Welded Manually Manually Welded Automatically Welded 
No. of Beads 20 20 20 20 20 20 20 16 20 16 
Electrode FW No.5 FW No.5 FW No.5 FW No.5 FW No.5 SA No. 100 SA No. 100 SA No. 100 SA No. 100 SA No. 10) 
Depth 6% 6% 6% 6%, 4% 4% 4%, 4% 4% 43, = 
Length 24 2 2 12 12 12 12% 12% 12% 12% 2 
After Amount P Amount 
in. in. in. in. in. in. in in. wn in 
I 3g 0.003 0.0037 0.0023 0.0030 “4 0.0052 0.0093 0.0075 0.0072 0.0086 A 0077 
II % 0.010 0.0087 0.0073 0.0054 i, 0.0135 0.0223 0.0205 0.0187 0.0221 0.0211 
Ill 1% 0.019 0.0163 0.0157 0.0146 % 0.0208 0.0371 0.0362 0.0332 0.0368 0.0353 
IV 1% 0.025 0.0220 0.0213 0.0207 1 0.0272 0.0520 0.0599 0.0476 0.0526 0.0501 
Vv 1% 0.033 0.0281 0.0278 0.0261 14 0.0337 0.0640 0.0665 0.0626 0.0680 0.0647 
VI 2% 0.040 0.0333 0.0338 0.0320 1% 0.0406 0.0722 0.0768 0.0725 0.0792 0.0733 
VII 2% 0.046 0.0371 0.0382 0.0364 1% 0.0455 0.0778 0.0834 0.0786 0.0859 0 0789 
VIII 3 0.049 0.0386 0.0404 0.0382 2 0.0505 0.0838 0.0854 0.0754 0.0886 0.076 
VIII-A 3% 0.0407 0.0422 0.0398 2% 0.0543 0.0943 0.0882 0.0972 0.0858 
VIII-B 8% basa 0.0430 0.0449 0.0405 2% 0.0585 0.1096 0.1049 0.1109 0.1034 
Ix 3% 0.053 0.0425 0.0448 0.0410 2% 0.0598 t 0.1221 0.1257 0.1228 0.126 
x 3% 0.030 0.0241 0.0265 0.0262 2% 0.0495 0.1070 0.1029 0.1056 0.1084 
XI 4% 0.015 0.0113 6.0136 0.0144 2% 0.0215 0.0567 0.0516 0.0628 0.059 
XII 4to 0.014 —0.0014 0.0014 0.0072 3% 0.0082 0.0189 0.0224 0.0134 0.0201 
XIII 4% 0.002 —0.0049 —0.0033 —0.0002 3% 0.0073 0.0049 0.0127 —0.0129 0.0011 


All specimens made from %-in. plate; cross bar, 1%4-in. wide. 
Only A-1, A-3A, and A-3B stress relieved at 1300°F prior to welding. 
These data are believed to be accurate to at least + 0.0002 in. 

except for A-l which is within + 0.001 in. 
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* The deflection data in this column obtained from a series of 
cuts slightly different from those listed in this table. 

t Cut from 24-in. specimen. 

t Machining of specimen T-6 incomplete 
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TABLE V 


STRESS DISTRIBUTION IN 90° Cross WELDMENT SrECIMENS— 


Specimen No. 


“As WELDED” CONDITION 


Strain Gage Station Number 


1 2 3 4 


Specimen No. 


Strain Gage Station Number 


2 3 4 5 7 


B-1 47.3 48.9 54.3 79.5 52.9 48.1 46.0 D-7 89.4 88.6 103.5 147.9 103.2 93.4 
B-2 52.1 47.1 44.4 92.6 43.4 45.5 48.1 D-8 87.0 84.6 93.9 142.5 105.6 96.0 
B-3 51.1 47.9 46.8 72.4 47.9 48.4 51.6 D-9 82.2 80.9 92.8 144.4 106.1 95.0 
B-4 48.9 46.3 47.3 80.3 48.4 46.6 48.1 D-10 63.8 66.5 81.1 133.0 99.5 94.7 
B-5 50.5 46.3 46.3 78.2 45.5 46.6 49.7 D-11 96.3 90.7 99.0 141.5 95.8 $2.2 
B-6 52.7 46.6 42.6 72.4 46.6 45.8 50.0 D-12 97.8 93.6 104.0 146.0 100.6 90.4 
51. 5. 71.8 5 5.2 51. 

B-9 53.2 48.1 46.6 73.4 50.3 50.0 49.7 =< 
R-10 51.1 46.3 45.5 73.9 48.4 47.9 51.3 
E-4 48.7 42.1 38.1 73.4 46.3 45.8 
B-11 44.2 46.3 50.8 91.0 47.4 43.1 12.8 ¥: ce 43.6 50.4 72.4 46.0 47.6 
B-12 49.5 48.4 47.3 80.1 49.2 49.2 51.1 ‘ 
E-6 50.0 46.3 43.1 75.8 51.6 46.8 
C-1 75.5 63.8 63.8 94.2 46.6 40.2 40.2 E-i 51.9 46.8 45.2 72.7 41.0 46.8 
C-2 §2.1 53.2 63.6 108.0 70.2 67.6 74.2 E-8 52.4 45.7 42.6 72.8 47.4 48.4 
C-3 52.4 53.2 63.3 110.9 79.5 72.1 77.7 E-9 51.6 45.2 42.3 75.5 48.2 46.8 
C-4 39.6 42.3 51.6 99.5 72.1 68.6 78.5 E-10 50.0 45.0 42.8 78.2 50.8 48.4 
C-5 75.3 67.3 7.3 98.2 53.2 42.3 38.6 E-1l 54.8 46.5 40.4 73.4 51.6 50.0 
C-6 60.9 61.7 73.7 111.7 70.2 61.2 63.0 E-12 51.6 45.0 39.6 74.2 44.1 46.8 
é y 7 8 75.3 *E-13 51.9 47.9 45.8 83.3 50.0 46.5 
3 95.5 E-16 53.2 49.0 45.5 77.1 47.9 49.5 

8 51.1 E-17 54.8 50.5 47.6 80.9 50.0 52.4 

8.6 76.9 +F-18 §2.¢ 48.1 45.2 79.5 48.2 48.7 

7 79.5 tE-19 51.6 47.9 46.8 80.9 47.9 47.3 


D-1 90.0 86.2 96.3 139.1 
D-2 83.8 83.0 95.4 145.2 
D-3 83.8 83.0 98.1 146.5 
D-4 73.4 74.0 82.2 142.0 
D-5 62.8 66.8 80.9 137.3 
D-6 7.2 85.4 98.2 141.5 


93.9 97. 
93.1 95 


3.8 * This 


class E£-10010 electrode. 


specimen welded with a class 


E£-6010 electrode 


instead of 
The latter electrode was used on all specimens 
of the B, C, D, and E steels except E-13. 


the 


< 7 The direction of rolling was taken into consideration when 
87.5 92.0 specimens were prepared by sawing or flame cutting from % in. war or 
83.0 86.9 3, in. plate. All spe cimens except £-18 and E£-19 had their longer dimen- 
811 909 sion parallel to the direction of rolling. Specimens E-18 and E-19 were 


cut perpendicular to the direction of rolling 


Table V to show how nearly identical the 
stresses or indication of stresses (in the 
case of deformations beyond the yield 
point) were built up in the four steels—B, 
C, Dand E. All values shown are aver- 
ages of right and left sides of specimens for 
the particular strain gage stations and are 
given in kips per square inch. 

A careful study of the similarity of in- 
ternal residual stresses, or indicated 
stresses, in the weldment specimens of 
each steel prompted the author to make 


the selection of specimens shown in Table 
VI for stress relieving in the machining 
stability study. 


Discussion of Strain Gage Data 


Tables VII, VIII, [X and X portray the 
length changes in dial divisions which 
occurred at each strain gage station after 
each cutting operation for the various 


specimens. 


Each 


dial division change is 


equivalent to an average change of 532 


TABLE VI 
SELECTION OF SPECIMENS FOR STRESS RELIEVING 


B STEEL (NE-8630) 


*B-1 Machined in the ‘‘as welded” condition 


B-2 Stress relieved at 1400°F for 2 hours 
C STEEL (SAE-4130) 
*C-1 Machined in the “‘as welded” condition 
C-2 Stress relieved at 1400°F for 2 hours 


* Specimens B-1, C-1, D-1, and E-1 welded 
with 20 passes; one more pass in each quad- 
rant than shown in Fig. 1. 


All other specimens welded with 16 passes. 


*D-1 
D-4 
D-2 
D-3 
D-6 
D-7 
D-8 
D-9 


D STEEL 


(NAX-X-9115) 


Machined in the “as welded” condition 


Stress relieved at 


“ ‘ 
“ “ 
‘ 
“ 
“ 


E STEEL 


Machined in the “‘as welded” 


Stress relieved at 1400°F for 


“ 
“ 


1400°F for 2 hours 
‘ser 
“ 900°F “ 2 


(NAX-X-9130) 


condition 


2 hours 
~ 
2 
2 


Machined in the “‘as welded” condition 


+ The direction of rolling was taken into consideration when the specimens were prepared by 


sawing or flame cutting from % in. bar or % in. plate. 


All specimens except E-18 and E-19 had 


their longer dimension parallel to the direction of rolling. Specimens E-18 and E-19 were cut 
perpendicular to the direction of rolling. 

t This specimen welded with a class E-6010 electrode instead of a class E-10010 electrode. 
The latter electrode was used on all specimens of the B, C, D, and E steels except E-13. 
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psi. in the 10 in. gage length and one’ ca 


readily follow the stress changes in 


any 
one of the specimens as the machini 
progressed. The author would hav 
placed these tables with other tables 
graphs showing corresponding str 
changes were it possible to do so and 1 
complicate the report. 

Each of the tables shows the dial diy 
sion changes for specimens of thi 
steels in the following conditions As 
welced; (2) after 900° F. SRA: (3) aft 
1000° F. SRA; (4) after 1100° F. SRA 
(5) after 1200° F. SRA; (6) after 1 
F. SRA; and (7) after 1400° F. SRA 


By comparing the behavior of sever 


specimens of any one of the steel 


volved, it is quite possible to visualize | 
dampening effect accomplished by differ 


ent thermal stress-relieving treatm: 
The only apparent inconsistency in 


four tables is where specimen B-2 indi 


cates greater stress changes than 
men B-3. 
is caused by the specimen having 


heated approximately 70° F. abov: 


A; point for the B steel, which is report 


to be 1330° F. Comparison can al 
made, easily, of the behavior of 
which have been similarly treated 
Four additional specimens of t! 
steel have been included in Table X, 
343. Specimens F-13 and E-4 are si 
except that E-13 was welded with a 
steel electrode (Class E-6010) whil 


and all other specimens were welded wit 


Class E-10010 electrode producing & 
yield strength and 100,000 ultimat: 
sile strength. Specimen E-18 is also 


lar to Specimen F-4, with one exce; 
Specimen E-4 and all other specime: 


It is believed that this rever 


a 


mon 
on 


ex- 
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E-19 
4 cept) 
53.2 
92.3 
105.0 
106.1 
98.2 
93.6 
95.5 
> E-5 els 
E-1 
E-8 
E-9 
E-11 
E-12 ilar 
E-17 il 
ten | 
= 


and E-19, had their longest di- 
ion parallel to the direction of rolling. 


From the data available, indications are 
that there is no appreciable change in 


Discussion of Mechanical Property Test 
Data 


‘ 2-19 w stress for: specimens welde ri an 
Specimens E-18 and E£-19 were cut per 1) peci The B and E steels have acted similarly 
» directi lectr Vv Sonsiderable vi 
icular to the of the rolling. elect ion through the entire investigation and the 
Specimens and E-9 were welded and in ag speci mechanical property tests are no excep 
mens cut with their longest dimensions 
— stress relieved similarly and are the only ii th de tion. These steels indicated a decrease in 
yarallel to, or perpendicular to the direc- 
3 duplicates in the entire study. Specimen P a ultimate strength for each increment in- 
tion of rolling in either the as-welded or tm 
10 also s ar to E-9 w one €x- ‘Tease ‘ss-relieving mperé e, 
stress-relieved condition and (3) speci- while at the same time indic an in 
} ception, the direction of rolling. mens welded and stress relieved similarly. Re . . 
' crease in yield strengths until the tempera- 
2 ture of 1100° F. was reached. Above that 
Fowt temperature the yield strengths decreased 
4 The other two steels indicated little 
out | E42 women wi lous strengths or per cent elongations due to 
| ATER SRA- — —--| the stress relieving, but did show a de 
WOME NTA - - 2m | lon | crease of 50% or more in yield strengths 
oo |€-8 for specime ns in the as-we Ided condition 
T «mee NAX -X- 9130 | 1 his apparent inconsistency _of yield 
19 ooo | i : 009 strength test data is consistent in that all 
7 Sy specimens which were compressed beyond 
the yield point before testing for tensile 
be | 007 } 007 yield strength in the as-welded condition, 
produced low yield strength values, i.e, 
165 / . . 
006 specimens C-1, D-1 and D-4, which had 
cos all been greatly compressed during welding 
$ 7 and then tested in the as-welded condition, 
= vA 
S| 00s L | 004 showed extremely low yield strengths 
et ? 
f Lat rhis phenomenon is explained by the 
003 . ‘a 
ead of | Bauschinger effect * which concluded ‘‘that 
the raised without lowering the elastic limit 
par or +095 in compression and vice versa See Fig 
AMOUNT OF METAL REMOVED BY MACHINING * Bauschinger, J., Ziviling, 27, 289 (1881) 
Fig. 6 
Oils Hardened and Tempered Nickel Chromium Steelt 
Tie 
in 30 
hi = C326 .24aS1, 
G | 2/2M,; 445 cr.) 
> 
ale > 
9 
nd 
f p 
div fa) = 
EXTENSION-2 CAGE SCALE =Q00//p. 
7 
As received. 
alt 2. Overstrained in permaner 
SRA length of 4 per cent 24 hour 
3. Overstrained inc permaner 
SRA ength of 4.3 per cent. r 48 hours 
evera 4. Overstrained inc ne! 
length of 4 per cent. s aft verstrain. 
' 5. Test piece 4 heated 24 hours at 10 and reloaded. 
lif 
60 
WAX-X-SUS Stoo! 
3 (.20C, .7/ St, .45 fn, .06 Zr, .48C7r) 
9% 
S40 
8 
Q 20 
rte 
9 
™N 
PLONGCATION 
Fig. 8 
D. As-received. 
al D-1. Overstrained in compression to give pe 
of length of approximately 0.22°%. Test 164 days 
i D-4. Overstrained in compression to give pert 
the of length of approximately 0.10%. Tested 167 day 
ny D-6. Overstrained in compression to give perm 
of length of approximately 0.15°%. Tested 160 d 
i | strain. This specimen also subjected to 900° F. SRA 
mu- overstrain. 
vn Fig. 7—Location of Tangents on Measured Edges of 12- and 24- ~ { Curves copied from Woolwich R. D. Report No. 45, “The Effect of Over 
eX- In. 90° Cross-Weldment Specimens strain on the Elastic Properties of Steel," by R. H. Greaves, 1920 
JNE 1945 STRESS RELIEF OF WELDMENTS 337-s 


- 
. 
ar 
A, 
- 
Vs 
A 
we 
a 


Cut 
No, 


Amt. Metal 
Removed 


Accumulative differences in strain gage readings calculated after each successive cut 
to determine the lineal changes at the various strain gage stations. ] 
represents a change in stress of approximately 532 psi.) 


TABLE VII 


SUMMARY OF STRAIN GAGE DIFFERENCES. 
B Steel (NE-8630) 


(Each dial division 


Specimen B-4 (As Welded) 


I 
Il 
lV 
Vv 
VI 
VII 
Vill 
VILI-A 
VIII-B 
IX 
IX-A 
1X-B 
xX 
XI 
XII 
XIII 


Cut 
No. 


Amt. Metal 
Removed 


© -) 


t+ 


F SRA—2 Hours) 


90° Cross: WELDMENT SPECIMENS 


12 +15 +16 +18 +18 2 2 
34 +42 +42 +48 49 
65 79 

+101 


Cut 
No. 


Amt. Metal 
Removed 


Specimen B-10 (1000°F SRA—2 Hours) 


Cut Amt. Metal 
N 


oR 


3 


B-7 (1100°F SRA—2 Hours) 


0. Removed 
I 
II 
lil 
IV 1 
Vv 1% 
VI 1% 
VII 1% 
Vill 2 
VIII-A 2% 
VIII-B 2% 
IX 2% 
IX-A 27/18 
IX-B 2% 
x 25% 
XI 2% 


wo 


+++4++ 
++44 


b+++++ 
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6L 7R iL SR 8L 9R IL 
+5 +5 +5 + 7 
8 +10 +10 +11 +11 
15 +18 +18 
23 
LEGEND 
1, WU, III, etc. indicate cut locations 


ee Fig 1. 
1, 2, 3, ete., in headings, indicate strain 
gage stations. 
R in headings indicates Right Side 
— indicate J relaxation of compre 
indicates elongation ) additional tension 


indi { additional compressio' 
+ seates contraction relaxation of tension 


i 
: Ni 
I 
1 
VII 
% —10 —-6 —-6 -2—-83 +2 +2 + 9 10 +12 - Vill 
le — 23 — 23 —14 —13 - 4 — § + 9 + 9 + 29 + 28 + 34 1X 
—38 —38 -21 —7 —7 +17 419 +53 +58 4+ 61 1X 
1 — 53 —52 -22 — —7 +27 +29 +80 +81 +101 IX 
1% — 68 —67 -—38 -—-36 — — § +39 +41 +4114 =+114 X 
1% —~% -@ +6 +50 XI 
13, ce — —8 +58 +57 XI 
2 =—81 «4 —9 +455 +53 Xl 
2% +10 
2%, i +27 Cu 
27/16 Ni 
24 
3%, —~s 9 —88 
I +2 +8 +71 +6+6 +8 +9 +6 420 «410 VII 
10 —-6 +5 +4 +16 +18 +15 +16 +19 416 423 492 
Ill 4 — 16 — 16 —10 -10 f-8 +9 +8 +% +23 +29 +30 +36 +33 I} 
IV 1 —-% —12 -3 —3 +15 4144 +4 +4838 +48 + 49 1) 
Vv 7 5 +21 +420 +56 44 56 
; VI 1% — 36 — 38 —19 —22 3 5 +27 +25 X 
| Vill 2 — 39 — 39 -—20 -—23 - 3 — 5 + 26 +26 XI 
VILI-A 2% — 41 — 42 —20 —23 0 — 3 +33 +33 
1X 2%, 18 +10 +14 
IX-B 2% —50 —46 -22 —20 +6 48 N 
XI 2% —41 —45 —30 34 1s —23 
XII 3% — 39 — 45 35 12 
XI 3% — 39 14 $5 13 ~ 
\ 
Il $ -2 +2 +1 +9 +130 +9 +12 +15 +13 +15 417 
IV 1 —4 6 +9 +8 +9 +26 +80 33 I 
5 +38 +32 +58 + 99 
VI — 26 - 27 -—-16 —15 -5 —6 +16 +15 ? 
VI — 28 — 28 —17 —16 — 5 - 6 +18 4-18 xX 
: VUI-A — 28 — 29 —17 —16 — 3 — 5 +23 +-22 
, IX-A — 39 — 33 —20 —13 — 1 + 4 
IX-B — —8f —20 -18 —1 +2 
XII — 28 — $1 --27 —30 
Specimen 
IR IL 2L = 3L 4R 4L 5R 5L 6R 
0 +2 + 4 4 
— — & —1 +4 +1 4 8 = 
-6—-g — —3 —-1 +6 +3 +18 4 
— 48 46 49 4 
—i2 —-13 — —7 —1 +12 +10 + 28 I 
—% <— +18 +12 
—-2 — 11 vi 
— — 6 10 vi 
-19 — — 8 
XIII 3% —15 —127 —-18 —1§ 
338-s JUNE 


Amt. Metal 


TABLE VII (Continued) 


Specimen B-6 (1200°F SRA—2 Hours) 


. aemavedl 1R 1L 2R 2L 3R 3L 4R 4L 5R 5L 6R 6L iR iL 8R &L 9R 9L 
% — 8 — 1 0 0 +1 + 83 +5 +3 5 
— 4 +82 48 +28 +28 + 21 
\ 1% — 6 —6 —-4 —2 0 +3 +4 +12 + 13 
\ 1% - — 9 —-8 —-5 —1 +4 +5 
VII 1% -10 —10 —8 —6 —3 —1 +3 +6 
Vill 2 —-10 — 9 —~8 —5 o +3 +6 
VIII-A 2% —10 —10 —-%7 —-6 —2 0 +5 +85 
VIII-B 2% —11 —7 —-5 —1 +2 
1X 2! —12—-12 —7 —5 +2 +8 
IXA —-18 —9 —6 —2 +2 
1X-B 2% —-4 —-13 —-9 —-6 —2 +1 
X 2% —-4 —13 —9 7 0 
XI 2% — 12 — 13 —10 —10 — 7 — 5 
XU 3% —10 -—-12 —-9 —10 
34% —- 9 —12 
Specimen B-3 (1300°F SRA—2 Hours) 
Cut Amt. Metal jp 1L 2R 2L 3R 3L 4R iL 5R 5L 6R 6L 7R 1. 8R aL oR gL 
Ne Removed 
— % 4 | + 1 + 2 + 1 + 1 +1 + 1 0 + 4 + 2 + 2 + 2 + 5 + 3 + 3 + 2 2 
Ul +1 +1 +1428 +23 +6 +O +3 +3 +6 +5 +5 +86 
0 —1 o +1 +2 o+3 +3 +3 +3 +7 +5 
IV 1 1 0 0 1 +1 +1 +3 
1% - i +1 +1 464282 46 +6 
VI lie — 2 — 2 — 1 — 2 + 1 + 1 + 4 0 
VII 1% 2 —-i —~ +8 +4 +2 
Vill 2 - 2 — 2 — 1 — 2 + 2 +1 +- 4 + 1 
ms VIII-A 2% 3 — 1 — 1 — 2 + 2 + 2 + 5 + 4 
VII-B 2% — 1 ~1 —1 +2 +3 
1X 2% —-1 —1 +3 +83 
IX-A 27/16 - 3 — 1 — 1 — 1 + 3 + 3 
IX-B 2% = 3 — | — 1 0 + 3 + 3 
x 25% 3 - 1 0 — 1 + 4 + 3 
XI 2% 2 — 2 0 —2 +3 +1 
XII 3% —- 2 — 0 —2 
XIII 3% - 1 — 1 + 2 0 
Specimen (1400°F SRA—2 Hours) 
Na, inoved IR 1L 2R 2L 3R 3L 4R 4L 5R 5L 6R 6L iR iL R L R if 
I +28 +1 +1 0 o+2+4+24+1 42 42 +1 1 4 
I 1 —2 +2 o+14+3 +8 +2+8 +2 +8 +2 «+4 
ll % -2—-2 +1 —1 +1 +s +3+3 +4 +8 +3 
IV 1 3 — 3 — 4 — 1 3 0 + 1 0 + 56 + 4 + 4 + 5 
1% 4 3 0 0 +2 +1 +7 +4 
VI —1 —2 —1 +2 +2 
vil 1% — 4 —3 o +8 +1 
Vill 2 - § — 4 —3 —1 —1 0 + 2 0 indicate cut locations 
VIII-B 24 —=— 4 — 7 9 — 2 + 2 =~ i 1, 2, 3, ete., in headings, indicate strain 
IX 2% 3 9 +2 —-3 +5 0 gage stations. 
IX-A 27/18 7 o> R in headings indicates Right Side 
IX-B 21% 5 — 7 0 — 2 + 3 0 * oe o Left Side 
x 25% = o —-3 +2 
TABLE VIII 
SUMMARY OF STRAIN GAGE DIFFERENCES. 90° CrosS WELDMENT SPECIMENS 
C Steel (SAE-4130) 
Accumulative differences in strain gage readings calculated after each successive cut 
to determine the lineal changes at the various strain gage stations. (Each dial division 
represents a change in stress of approximately 532 psi.) 
L Specimen C-4 (As Welded) 
I 4 14 12 7 - 7 1 4 7 9 19 19 + 21 + 22 +25 +26 29 31 +34 4+36 
If 27 25 —15 —17 — § 5 14 14 +- 35 36 + 45 + 45 +53 +654 62 64 
Ill A 39 - 39 —22 22 — § 7 22 22 + 57 +. 59 + 71 + 74 +-87 +89 
IV 1 49 — 48 —28 -— 28 s s 27 29 + 75 + 79 + 95 + 92 
% 58 - 56 —34 34 —11 30 +31 4- 86 
VI 1% 64 — 62 — 36 36 —10 9 35 +36 
Vil 1% — 69 - 67 — 39 —37 -11 9 +-37 44 
Vill 2 — 66 62 — 37 —35 —13 — 9 +30 42 
VILI- 2% — 73 — 68 37 —34 — 6 — 2 +43 +65 
IX 2% —97 —81 -40 —22 +14 +33 
ression IX-A 27/; 99 —82 —43 --23 +15 +32 
IX-B 2% — 97 — $1 —43 —23 +12 31 
X 25 92 —8s80 —48 —30 +4 18 
n XI 2% — 80 —78 —54 —53 -—31 —29 
XII 3% — 80 —%74 —68 —67 
XI 3% — 80 —i%i3 —%6 


UNE 1945 
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TABLE VIII (Continued) 


Specimen C-11 (900°F SRA—2 Hours) 
Cut Amt. Metal 


IL oR aL, 3R 3L 4L SR 5L 6R 6L 7R 7L 8R sh OR 
I \% 0 0 o +3 +3 +8 +6+8 +7 +8 +9 «+410 41:0 
II —-%7 —-5 +4 +5 +18 +412 416 +16 417 +19 +23 +23 

Ill J — 13 - 12 — 9 — 8 — 2 3 + 9 + 9 + 25 + 24 + 29 + 30 +33 +36 
lV 1 19 — 19 13 —12 — 3 3 +14 +414 + 38 + 37 + 46 + 48 

Vv 1% — 26 — 25 18 —15 — 4 3 4-17 +18 + 49 + 49 

VI 1% 27 — 26 —19 16 — 4 — 3 +19 +20 

Vil 144 — 29 — 29 —20 —17 — 5 — 2 +22 +-24 

Vul 2 — 28 - 26 —19 —16 - ¢ 2 14 +20 

VIII-A — 37 — 29 — 26 —I18 — 4 0 22 +32 


Cer 


Cut Amt. Metal 


Specimen C-10 (1000°F SRA—2 Hours) 
Ne, 1L 2R 2L 3R 3L 4 iL 5R 5L 


6R 6L 7R iL 8R aL YR 
Il ly - 7 — 6 — 3 5 — 2 0 + 2 + 1 + 7 + 7 + 10 + 12 +12 +14 +14 +16 
III —-12 —-5 —3 —1 4+8 +4 +4 +19 +22 +24 +26 
IV 1 —19 —17 — 9 —12 — 3 -2 +8 +7 + 24 +26 +32 + 34 
V 1% — 23 — 22 —11 —14 — 4 3 11 + 9 + 33 + 34 
VI 145 — 23 —~ 22 —1l1 18 —2 — 2 +14 +11 
Vil 1% — 24 — 23 —12 —18 —2 — 2 +14 +14 
Vill 2 — 22 — 2 —11 —17 — 3 2 9 +11 
VIII-A 2% — 24 - 2 —11 —17 — 1 — 1 16 15 
VIII-B 2% — 29 — 27 —13 —15 + 3 6 
IX 2% — 35 — 31 —13 —14 + 7 14 
IX-A 27 
IX-B 2% — 34 — 29 —14 —1 + 4 +11 
xX 2% — 32 —30 —13 —17 + 4 + 8 
XI 2% — 29 — 30 —13 —20 —2 +1 
XII 3h — 28 — 28 —2 —29 
XIII 34% — 26 —28 —22 —29 


Specimen C-7 (1100°F SRA—2 Hours) 
3L 4R 4L 5R 5L 6R 6L iR iL SR aI 9R 


Cut Amt. Metal IR 
No. Removed 


w 


I — 1 0 +2 + 2 + 4 + 4 + 3 + 6 3 +4 +5 4 
Il ly — 38 — 2 — 3 — 2 + 1 0 + 2 + 2 6 + 3 + 6 + 5 + 4 + 8 + 8 +s 
Il % — 6 — 4 — 4 — 4 0 l + 3 + 3 + & 7 + 12 + 99 +13 +14 
lV 1 — 6 - § 4 — 4 0 1 + 7 + 6 17 + 13 + 19 + 19 
V 1% — 8 — 7 — 5 — 5 — 1 0 + 9 + 8 + 20 + 17 
VI 1% — 10 — 8 — 6 - 7 0 0 +10 + 8 
Vu 1% — 10 — 8 — 6 — 7 0 0 +10 +10 

Vil 2 — 10 — 7 — 7 - 7 — ] 0 + 6 + 8 
VIII-A 2% — 13 — 7 — 9 — 6 — 1 2 + 6 +16 
VIII-B 2% — 18 — 8 11 — 4 0 9 
IX 2% — 18 — 10 — § — 4 + 5 +11 
IX-A 27/16 — 18 — 11 — 9 —4 ao 
IX-B 4 
5 


Specimen C-6 (1200°F SRA—2 Hours) 
3L 4R 4L 5R 5L 6R 6L iR iL sR aL IR 


Cut Amt. Metal IR 
No. Removed 


tr 


2L 


a 


0 1 —1 0 —1 0 0 0 0 + 1 + 2 —1 i 2 + 2 + 2 + 2 
3 2 — 4 — 2 — 4 0 — 1 + 2 + Jj + 3 + 4 + 2 1. 4 
4 3 6 - 2 — 4 + 1 — ] + 4 + 4 + 6 + & 
4 3 — § — 1 3 + 2 0 + 7 + 7 
5 3 — 6 — 1 — 4 + 3 0 
5 4 —6 —2 — 3 + 3 +2 LEGEND 
5 =—4 I, II, III, ete. indicate cut locations. 
6 5 — 6 — 2 — 1 + 1 + 3 See Fig 1. 
q 5 — 6 < 2 0 1, 2, 3, ete., in headings, indicate strain 
q 5 — 5 oa + 2 gage stations. 
i 6 —-6 —1 + 1 R in headings indicates Right Side 
4 5 —-6 —1 0 | Left Side 
9 q 0 relaxation of com a 
xl 2% -—-15 — 10 7 -9 —2 —83 indicates elongation | additional tension 
XII 3% — 14 9 6 — 8 additional compress 
XII 3% + indicates contraction 


relaxation of tensior 


WELDING RESEARCH SUPPLEMENT JUNE 


' 
vi 
VII 
III-B 44 32 26 +15 + 2 L10 vill 
1X = 26 3 +9 +19 vill 
IX-A — 49 37 26 13 + 8 +19 Ix 
IX-B i 25 +16 Ix 
XI ao 4G = 28 XI 
XIII — 42 — 34 —38 30 XII 
XI 
N 
1] 
V 
VI 
vi 
VII 
VII 
x 
X! 
4 
| 
\ 
XI 2% —14 — 9 0 —1 +1 
XI 3% — 14 — 9 —14 —11 
XIII 34% 15 — 8 —14 —11 
\ 
340-s 


TABLE VIII (Continued) 


Specimen C-3 (1300°F SRA—2 Hours) 


Cut Amt. Metal IL 2L 3R 3b 4b SR 5L 6R 
N Removed 
~ 
+12 <a % a | 0 0 0 0 +1 0 0 + 1 + 1 + 2 
: ly 0 0 0 0 0 + 1 +1 0 + 2 + 2 + 4 
on % — 2 — 1 — 1 0 0 +1 — 1 +1 + 1 + 2 + 4 
1 0 0 +1 0 o+2+3 + 5 
-2—-2 —2 —1 0 o +2 —-1 +2 + 3 
VI 1% — =} —-1 —1 
VIII 2 —-1 0 0 +1 
2 — 5 —1 —8 o —-1 +2 +6 
VIJI-B 2% — 7 —-5 +2 —-2 +4 
1X 25 — 9 + 1 —-5 +83 —3 +7 
1X-A 27/8 — 5& o —3 +2 
X-B 2% — 6 — 1 — 3 +1 — 1 + 3 
Xx 2% +2 —1 +5 
XI 2% 0 +1 +2 
Specimen C-2 (1400°F SRA—2 Hours) 
Cut Amt. Metal 1L 2R ARs AL 5L 6R 
No. Removed 
air % + 3 o +1 1 +1 o +1 +2 +2+2 +2 
ul % 0 0 0 —2 o —1 +1 o +2 +2 + 8 
IV 1 0 0 0 — 2 + 1 —2 +1 0 + 8 + 6 + 4 
Vv 1% — 1 0 0 —2 +1 — 3 0 0 + 8 + 4 
VI 1% — | 0 —1 — 3 0 — 4 0 0 
VI 1% — 2 o —-1 —8 0 LEGEND 
Vill 2 — 2 0 — 1 — 3 + 1 — 4 0 +1 I indi . 
VIII-B 2% 4 +1 —2 1, 2, 3, ete., in headi indi 
IX-A 2/6 — 3 +1 —1 0 +1 —2 R in headings indicates Right Side 
X 2% 0 relaxation of com i 
XI 2% — 2 0 - ; - - + 2 — 3 indicates elongation ( additional tension 
XI 3% 0 additional compression 
XIII 3% — 1 + 1 +2 +2 + indicates contraction | relaxation of tension 
TABLE IX 
SUMMARY OF STRAIN GAGE DIFFERENCES. 90° Cross WELDMENT SPECIMENS 
D Steel (NAX-X-9115) 
Accumulative differences in strain gage readings calculated after each successive cut 
to determine the lineal changes at the various strain gage stations. (Each dial division 
represents a change in stress of approximately 532 psi.) 
— Specimen D-4 (As Welded) 
Cut Mates” iL R 2 3R 4R 4b SR 5L 6R OL 
No Removed 
I “4 12 — 7 — 6 6 — 2 0 + 5 +7 + 13 - 15 + 17 + 18 +19 2 24 > a) 29 
II Ww — 20 18 ~13 —13 — 6 — 2 +12 +14 + 31 + 32 + 39 + 40 +46 45 f 
ill 4 — 29 30 20 —19 —8 —2 +17 +19 +- 49 - 50 + 61 + 62 72 75 
lV 1 41 40 25 —25 —10 — 4 +24 26 68 67 + 84 + 85 
V 1% — 49 49 —30 30 —1l1 — 6 +30 +32 +- 84 + 85 
Vil 1% — 56 - §2 35 —34 —11 — 4 +35 +46 
ll 2 — 55 48 —34 31 1 —6 +28 +38 
VII-A 2% — 66 — 55 -39 29 —11 + 5 +23 +67 
VII-B 2% 73 61 ~35 —27 + 4 +18 
IX 23% —9o — +138 +39 
IX-A 27/10 
IX-B 2% 
xX 2% — 93 — 69 45 25 6 31 
Xl 2%, — 82 — 67 —51 2 —?21 — 3 
XI] 3% — 80 — 65 67 -59 
Atl 3% =— 65 78 66 
. — Specimen D-6 (900°F SRA—2 Hours) 
I % $ —- 6 —-2 —-1 +2 42 +65 +4 + TF + Tt +8 +9 +10 +8 +11 +12 
= if % 9 — 10 — 6 — 6 — 2 — 3 +4 + 3 + 13 + ll + 16 + 16 +19 +20 +24 +22 
HI % 17 — 16 — 9 —10 — 4 —4 + 9 + 8 + 23 + 22 + 29 + 30 +35 +36 
lV 1 23 — 23 -18 -14 ~4 —4 +414 414 +37 =+37 +50 +48 
Vv 1% —28 —29 —-15 -—-17 —4 —4 +18 +18 +48 + 49 
VI 1's 30 - $1 —17 —18 — 4 — 4 +21 +20 
Vil 1% — $2 — $2 21 —19 — 4 — 3 +21 +22 
Vill 2 —29 — 29 —19 —-17 —6 —4 +13 +19 
VILI-A 2% — 35 — $l —-21 —16 — 4 + 1 + 9 +36 
VIILI-B 2% 45 - 34 24 —13 — 1 +10 
IX 2% —8 +7 +18 
IX-A 27/1 — 50 -39 —23 -11 +7 +18 
IX-B 2% 48 — 39 —21 —12 + 5 +16 
xX 2% — 47 — 40 —22 —14 + 5 +13 
XI 2% — 41 — 39 --25 -22 —-7 —4 
XI 3% — 39 —37 -—34 —83 
XII 3% — 386 
JNE 
1945 
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TABLE IX (Continued) 


Specimen D-9 (1000°F SRA—2 Hours) 
3L 4R 4L 5R 5L 6R 6L TR iL &R 8L 9R 


Cut Amt. Metal 
No. Removed IR 2R 2L 


a 


ut 
— No. 
4+ & + 6 £8 £6 O26 BT 
=—4 +2+8 +7 + 9 +10 411 +410 +413 +18 
+3 +4 +16 +19 20 iI 
4 —6 +65 + 6 + 23 + 21 +28 + 29 iit 
-5 —-7 +8 +9 +832 + 320 IV 
4—6 440 +12 Vv 
6 —-% +9 -+13 vi 
7 —-6 +4 +13 vu 
VIII-A 21 —29 —24 —15 -11 —6 +8 +24 
VIII-B 2% — 84 —24 —8 —2 +4 VIII-A 
IX 2% —2 -16 —6 +8 +10 VIII-B 
IX-A —39 —29 —-17 —1 +10 IX 
1X-B 2% — 37 —3:0 —8 0 +7 IX-A 
x 254 [X-B 
XI 2% — — 30 =8 X 
XII 3% — 30 «= $7 —23 —20 XI 
XIII 
XII 
' Specimen D-8 (1100°F SRA—2 Hours) 
IV 1 —- 9 —9 —8 —-1 +7 +6 +16 +15 +24 + 20 
Vv 1% —12 -—-10 —~5 —4 —-2 —-1 +9 +8 +23 +20 
VI 1% —14 -—-12 —-6 —5 —2 —2 +410 +9 
1% —-15 —-18 —2 —2 +410 +12 Cu 
VIII 2 —4 =—-$ +5 +9 
VIII-A 2% —-16—-12 —-7 —2 +2 +416 +19 
VIII-B 2% —23 —13 —10 7 
1X 2% —2 -—15 —8 +1 +44 411 
IX-A + —26 —14 —9 +2 +83 412 x 
+ 1 +1 
—~1 +1 +6 VI 
6 —2 vil 
9 
9 
VIII- 
IX 
1X- 
IX 
x 
XI 
Specimen D-7 (1200°F SRA—2 Hours) xi 
3 2 1 1 6 +1 +8 +6+6 +4 +4 +4 48 
5 5 3 4 —-8 +8 + +7 Cu 
6 7 4 3 1 +8 +65 +5 +11 «+410 
7 8 4 3 0 0 0 +4 +11 +210 | 
9 5 5 0 +83 
9 0 6 5 1-1 o +4 nT 
9 8 6 4 —-8s8 +4 
VII-A 2% 0 —5 +10 \ 
VIII-B 2% —2 +5 
3 +8 +65 y 
9 3 0 +3 VII 
9 4 — 1 + 2 VI 
9 5 —1 0 “aT 
9 7 —3 —5 
8 q 
6 5 
x 
Specimen D-3 (1300°F SRA—2 Hours) , 
iL 2: & 5R 5L 6R 6L sR sb oR | 
IV 1 — 1 242 1 +2 +838 42 +4 +471 
1% — 2 2 +1 2 +2 +4+2+141 464 + 8 
vil 1% +2 I, II, ILI, ete. indicate cut locations. 
Vill 2 — 2 2 +1 2+2 +1 0 +1 See Fig 1. ¥ 
4 1 0 z + 3 + 5 0 a 1, 2, 3, ete., in headings, indicate strain \ 
7 0 — 3 3 0 + 8 gage stations. 
7 a. 3 +2 48 R in headings indicates Right Side 
5 1 0 1 +f 47 L Left Side 
5 1 0 relaxation of compress io? 
5 1 0 1 + 3 +6 — indicates elongation } additional ota ag 
3 2 1 2 4 4 essio! 
3 2 1 1 + indicates contraction 
2 1 4 2 " 


WELDING RESEARCH SUPPLEMENT JUNE 


‘| 
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Amt. Metal 


TABLE IX (Continued) 


Specimen D-2 (1400°F SRA—2 Hours) 


No memeeed iR 1L 2R 2L 3R 3L 4R 4L 5R 5L 6R 6L 7R iL 8R 8L 9R 9L 
Bir % 0 + 1 —1 + 1 — 1 +1 0 + 2 + 4 + 3 + 4 + 2 6 3 
IV 1 0 + 1 0 +1 0 +1 +1 + 2 + 6 + 4 . * 
V 1% 0 0 0 + 1 0 + 2 0 +83 + 6 i 7 
VI 1% 0 0 — 1 +1 — 1 0 0 + 2 
Vu 1% 0 +1 +2 L&GEND 
9 0 —1 +1 o +1 —1 +83 
24 -2 +2 —-4 +5 —3 +5 
om 0 i 1, 2, 3, ete., in headings, indicate strain 
R in headings indicates Right Side 
9% ll 0 of. 
XI 2% 1 ia additional tension 
XU 3% + indicates contraction additional compression 
XU 3% = relaxation of tension 
TABLE X 
SUMMARY OF STRAIN GAGE DIFFERENCES. 90° CroSS WELDMENT SPECIMENS 
E Steel (NAX-X-9130) 
Accumulative differences in strain gage readings calculated after each successive cut 
to determine the lineal changes at the various strain gage stations. (Each dial division 
represents a change in stress of approximately 532 psi.) 
Specimen E-4 (As Welded) 
Removed 
—7 +6 +5 +18 +18 +183 +15 +18 +16 +22 +230 +424 +23 
il le 24 23 14 —15 — 4 — § +15 +12 + 33 + 33 + 41 + 40 +49 +47 +59 +57 
Il 4 - 40 40 —23 —25 —8 —-9 +24 +19 + 57 + 57 + 72 + 71 +85 +85 
1V 1 — 57 — 56 —32 —34 —10 —12 +35 +29 + 86 + 86 +107 +108 
V 1% - 74 — 74 —43 —45 —16 -16 +44 +37 +114 +116 
VI 1% — §2 — 82 —47 —49 —14 —15 +53 +44 
VII 1% — 86 — 8&7 —48 —12 —14 +59 +651 
2 — §4 — 85 —48 —49 —114 —14 +51 +49 
VIIA 2% — 89 - 90 —47 —49 — 9 — 9 +68 +63 
VIII-B 2% — 98 — 97 —47 —46 + 3 + 4 
IX 2% —113 —102 —49 —39 +12 +24 
27/16 —114 —102 —51 —39 +11 +26 
IX-B 2% —112 —101 —5l —40 +10 22 
X 2% —106 —100 —52 —46 + 2 +7 
XI 2% 5 — 93 —68 —68 —42 — 41 
XII 3% — 90 — 92 —85 —89 
XIII 3% RS — 92 —95 —98 
Specimen E-11 (900°F SRA—2 Hours) 
Cut Amt. Metal il 2R sR 5R 51 6R él R sR al 
I y 10 — 10 — 7 — 7 — 4 —4 + 5 + 6 + 11 +15 ° + 16 + 17 +19 20 25 24 
ll % — 16 — 16 —1l1 11 — 5 — 4 + 9 + 8 + 21 + 26 + 29 + 30 +35 +36 
lV 1 24 22 —15 —15 — § — 4 +16 +13 + 36 + 40 + 46 + 49 
V 1% — $1 — 30 —19 —19 — 5 — 5 22 +20 + 52 + 58 
vi 1% 36 — 34 —20 —21 — 6 — 5 +26 +22 
Vil 1% — 39 — 37 —21 22 - 6 — 4 +29 +26 
Vil 2 38 — 86 —22 —22 — 6 — 5 +25 +24 
VIL-A 2% 40 — 39 —21 —22 — 3 — 2 +33 + 30 
VIII-B 2% 46 43 23 —21 + 1 + 5 
IX 2% - 53 — 45 —22 —17 + 8 +17 
IX-A 2? — 54 — 44 —24 —17 + 6 +16 
IX-B 2% 52 
x 2% 51 — 44 —25 21 + 1 +9 
XI 2% 45 2 —29 —28 —13 — 9 
XII 3% — 43 — 41 —36 38 
X11 3% — 43 — 41 —37 —39 
Specimen E-12 (1000°F SRA—2 Hours) 
% =-8 +4 +8 +17 *«+18 +22 +23 +28 +2 
IV 1 = —-4 +47 +9 +28 +28 +38 +3 
V 1% 25 — 23 —-15 —-14 —5 —5 +411 +14 + 38 39 
VI 1% —27 —26 -16 -16 —65 —65 +13 +416 
Vil 1% —27 -16 -16 —4 +16 +17 
Vill 2 —16 =< +14 + it I, II, Ill, ete. indicate cut locations 
VILI-A 2% 27 — 28 —15 —17 — 2 — 5 +22 +15 See Fig 1. 
V II-B 2M 31 33 —15 —27 + 2 iene 1 1, 2, 3, ete., in headings, indicate strain 
IX 2: ~ 35 — 37 14 —16 +10 + 7 gage stations. 
IX. A 27/1 37 37 —16 —16 R in headings indicates Right Side 
IX-B 2% — 34 — 36 —16 -146 +5 +3 Fe on ” Left Side 
X 2% — 35 — 35 —18 + 1 relaxation of compresson 
XI 2% — 31 a —23 —22 14 12 — indicates elongation | additional tension 
XI — 30 —27 —27 
XI 27 + indicates contraction \ additional compression 
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} relaxation of tension 


343-s 


a 
Lg 
9] 
9] | 
| 
] 
] 
; 
— 
a 
£ 
? 
sion 
945 


Cut Amt. Metal 
No. Removed 


TABLE X (Continued) 


Specimen E-9 (1102°F SRA—2 Hours) 


3L 4R 4L 5R 5L 6R 


VILI-B 2% 
“1X 2% 
IX-A 27/16 
1X-B 2% 
x 2% 
XI 2% 
XII 3% 


XII 


Cut Amt. Metal 
No. Removed 


2R 


l++++4+ 


L+++4+4 


COND 
++ 
aoe 
+4 
oe 


Specimen E-8 (1200°F SRA—2 Hours) 


8L 4R 4L 5R 5L 6R 


1 0 +8 +28 +82 +2 3 3 4 
3 = 0 o+4+6 +446 45 +5 47 +6 
4 -2 0 o+6+7+8 +9 +9 410 
5 —-3 —2 +3 +2 412 +1 4+ 415 
5 5 +5 +4 +17 +117 
7 —4 —8 +6 +4 
7 —-4 —-8 +4 +4 
8 ¢ —-8 —2 +7 +2 
8 6 —2 +1 
9 44 
IX-A 2/1 — 18 17 —-11 —2 +2 
x 2% — 16 1% 6-10 —7 =—8 0 
xI 2% —19 16-10 -10 
—10 


Cut Amt. Metal 
No. Removed 


1R 


a 


Specimen E-7 (1300°F SRA—2 Hours) 


3L 4R 4L 5R 5L 6R 


Cut Amt. Metal 
No. Removed 


1R 


A 


+++++ | 


0 +3 
+1 +41 +65 + 
0 
+3 +1 43 +12 
+ 3 0 
+8 +8 
o +1 
2 +8 


7 


Specimen E-5 (1400°F SRA—2 Hours) 


3L 4R 4L 5R 5L 6R 


I VA 
U 
% 
1 
1% 
VI 1% 
Vil 1% 
VII 2 
VIUI-A 2% 
VIlI-B 2% 
Ix 2% 
IX-A 27/16 
1X-B 2% 
xX 2% 
XI 2% 
XII 3% 
XIII 3% 


+1+ 


€ 


+1 t++4++ 


++ 


1 +141 42 4+ 1 «+ 
24141482 41 4+ 
+8 48 +3 +2 4 
45 438 4+ 8 + 
1 +1 +48 
1 +8 —1 

© +3 0 

o+8 +1 

1 +5 0 

1 

1 

1 

1 

0 

0 


enwnn 


+ 2 +&§ +48 +4 + 3 + 3 
+ 3 + 3 + 3 +4 + 2 
+ 38 + 4 + 4 
+ 4 
LEGEND 
I, II, Ill, ete. indicate cut locations. 
See Fig 1. 


1, 2, 3, ete., in headings, indicate strain 
gage stations. 

R in headings indicates Right Side 


— indicates elongation { additional tension 


+ indicates contraction 


relaxation of compress 


additional compressi:"' 
relaxation of tension 


; 
— 
I % —-1-2 —-8 — +6 48 +4 +7 
II —-8 3 —-4 = +6 +8 +8 + 8 410 +9 +413 411 
= = ~ +11 +10 415 +14 417 +16 
IV 1 -8 —-7 —§f +18 +18 +24 +24 
2% —17 -10 — 1V 
vi 
—-% =18 vil 
—23 —2 —8 VIII-A 
—19 —19 -12 VIII-B 
X 
XI 
3 
I 
i 
Vv 
Vv IV 
v 
VI 
Vil 
Vill 
VIII-A 
IX 
j-12 —4 —10 IX-4 
1X-E 
X 
XI 
I 0 +3 +1 + 1 + 2 + 3 
IX 2% + VI 
IX-B 2% — + Vill 
x 2% Vill 
XI 2% — + IX 
XIII 3% IX 
X 
XI 
+ + +2 
+ 
on I 
=e Il 
: Il 
= _ VI 
Vi 
= Vill 
os = VIN 
= + ion 
IX 
X 
XI 
XI 
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TABLE X (Continued) 


Specimen E-13 (As Welded) 


Cut Amt. Metal jp IL 4R 5R 5L éR 6L 
No. Removed 
| 1 o +5 +4+9 +10 +1 
ll Wy — 19 -- 20 —11 —13 — 3 — 5 +11 +10 + 27 + 28 + 35 - 
Il 3 35 — 35 —20 —22 — 6 — 6 +19 +18 + 50 + 51 a + 
1 — 50 -51 -—29 -—32 10 +29 +27 +76 + 78 +- 97 

1% — 67 68 -40 -13 —14 +37 +34 +102 +103 

VI 1% =—7 —@ +46 +44 

VII 1% — 81 —45 -—12 -12 450 +59 
VIII 2 —-82 —80 —46 406-12 443 4454 
VIII-A 2 — 8 -48 —~9 +56 
vVII-B 2% — 99 -49 -39 412 

1X 2% —114 - 92 +7 +4932 

1X-A 27/18 —114 95 —31 +34 

IX-B 2% — 93 19 —31 12 +34 

x 2%  —107 —47 ~—39 +21 

XI 2% — 94 o4 —60 —62 —2 —2 

XI 8% — 88 — 93 —i9 — 56 
Xl 3% 88 —95 


Specimen £-17 (1100°F SRA—2 Hours) 
Cut Amt. Metal 


IR iL 2R 2L aR 3L iR 4L 5R 5L 6R 6L 
N Removed 
I 4 — 2 — 2 — 1 — 1 + 1 — 1 + 1 0 + 4 3 + 4 + 
I le 5 6 — 3 — 3 0 2 + 2 + 1 + 7 - 7 + 9 al 
I % 9 — 10 — 5 5 — 1 3 4 + 3 + 13 + 13 + 16 + 
V 1 12 — 12 — 7 — 6 — ] — 3 + 7 + 6 + 19 21 + 25 + 
V 1% - 16 — 17 — 9 —- 9 — 2 — 4 +10 + 8 27 28 
VI ll, — 17 17 —10 — 9 — 1 — 3 +12 +10 
tll 2 — 18 — 18 —10 —10 — 1 + 3 +10 +11 
VIII-A 2% — 19 — 19 —10 —10 0 — 2 +42 414 
VIII-B 2% 23 22 —ll —10 + 2 + 2 
IX 2% — 27 — 23 —12 — 8 + 5 + 8 
IX-A 27/16 — 26 — 22 —11 — 8 + 4 + 7 
IX-B 2% — 25 22 —ll — 9 + 3 + 4 
X 2% — 24 — 22 —12 —10 +1 + 1 
XI! 2% — 20 — 20 —14 —16 — 9 —11 
XII a% — 19 — 20 —17 —19 
XI 3% — 19 — 20 —17 —19 
Specimen E-18 (As Welded) 
I 4 x r - § - 6 — 2 — 2 5 + 5 + 12 + 12 + 15 
I hy 23 23 14 —16 - 4 5 +12 1 32 + 32 - 41 
i % 38 0 — 23 25 - § - § 20 19 56 57 + 71 
1\ 1 — 55 58 — 33 37 —10 ll +30 29 &6 86 108 106 
\ 1% — 72 — 74 —43 —45 14 —14 +41 +38 +114 114 
I 1% 81 83 —47 50 13 —14 +48 45 
Vil 1% — 85 —49 —52 —13 4 +53 2 
Hil 2 — &3 — 8&3 47 48 l —12 is 2 
III-A 2% Rs — —4 7 - 4 62 69 
VIII-B 2% 101 96 is 44 3 +10 
IX 2% —115 106 —50 42 12 27 
IX-A 2 114 Lue 19 42 13 26 
IX-B 2% ~110 104 —49 13 +11 21 
X 2% —104 106 0 7 
XI 2% » 9} 100 5s 1 23 —33 
XIII 7 100 
Specimen E-19 (1100°F SRA~—2 Hours) 
Ne IR iL. 2 2L 3R 3L iR iL, 5R 5L 6R 6L 
I 4% 2 2 2 -2 —2 1 - 2 1 3 { 
I My — § _ 5 - 3 — 4 2 0 3 6 ) 8 
Il % 9 0 { 1? 10 15 
I\ 1 1 I 8 8 0 18 2¢ 2 
\ 1% 15 —-§ 11 11 28 
Vi 114 19 0 1 0 13 13 
VI l 1 10 l 0 14 15 
2 10 0 10 12 
18 0) 10 1, Il, III, ete Indicate cut locatior 
4 See F ig 
VITI-B 2% — 22 22 —10 4 2 4 9s : : 
IX 1, 2, 3, ete., in headings, indicate stra 
23, - 26 — 22 6 + +13 ray 
gage stations, 
2°/10 21 12 R in headings indicates Right Side 
IX-B 2% 26 22 —12 ‘ 10 Left Side 
Xx 2% —24 — 22 1 —9g 1 i 
XI 2% — 20 21 13 14 i 1 — indicates elongation i of compression 
id 3% — 20 21 16 18 additional compression 
3% 20 16 17 + indicates contraction Compret 


{ relaxation of tension 


1945 STRESS RELIEF OF WELDMENTS 


7R 7L 8R 8L oR 9L 
+16 +15 419 4-17 4 19 L21 
+43 +42 +51 +50 
+-78 
| 
+3 
9L 
+ 3 
? 
9L 
345-s 


TABLE XI 


MECHANICAL PROPERTY TEST DATA 


NE-8630 


C Steel — SAE-4130 


B Steel 
Speci- Ultimate % Elon- | Speci- Ultimate % Elon- 
Condition men Tensile gation men Tensile gation 
No. eng Strength in2in. | No. ovreng Strength in 2 in. 
As Rec'd. B 65,600 116,700 23.0 Cc 47,000 85,200 28.5 
*As Welded B-1 C-1 22,800 83,500 36.0 
*As Welded B-4 61,200 118,200 14.07 C-4 48,700 96,300 $2.0 
900°F SRA B-9 79,400 116,400 22.5 C-11 45,500 84,000 34.0 
1000°F “ B-10 82,100 116,100 24.5 Cc-10 46,000 83,400 35.0 
1100°F “ B-7 85,100 113,600 23.5 C-7 45,400 81,200 36.0 
1200°F “ B-6 80,100 106,200 26.0 Cc-6 ‘3,700 80,000 34.5 
1300°F “ B-3 71,500 96,500 27.0 C-3 40,200 79,900 36.5 
1400°F “ B-2 49,800 92,500 36.0 C-2 44,000 77,300 38.5 
D Steel — NAX-X-9115 E Steel — NAX-X-9130 
Speci- : Ultimate % Elon- | Speci- : Ultimate % Elon- 
Condition men enone, Tensile gation men PRO Tensile gation 
No. Strength in 2 in. No. one Strength in 2in. 
As Ree’d. D 44,000 79,200 37.5 E 61,200 120,000 31.0 
*As Welded D-1 21,050 79,600 37.0 E-1 73,300 122,800 18.5 
*As Welded D-4 29,300 80,700 36.0 E-4 73,200 122,600 22.0 
900°F SR D-6 42,700 80,700 36.0 E-11 79,900 118,000 15.0 
1000°F “ D-9 40,000 80,600 36.5 E-12 82,700 117,800 11.07 
“ E-17 85,700 118,500 21.0 
1100°F D-8 44,000 80,000 38.0 { 
1200°F “ D-7 46,600 78,100 38.0 E-8 79,500 114,300 23.0 
1300°F “ D-3 45,500 74,500 39.0 E-7 79,300 103,000 27.0 
1400°F “ D-2 42,500 72,400 39.5 E-5 62,700 92,200 $7.5 


* 600°F preheat for flame cutting from plate. 
t Break through gage line causing this value to be low. 


effect because the portion of the specimen 
used for mechanical property tests was 
originally near an edge of the normalized 
plate and thereby increased sufficiently in 
yield strength so that it was not com- 
pressed to the extent that plastic flow took 
place. 


APPENDIX A 
90° Cross Weldments 


Studies have been made on the thermal 
stress relieving of both base metal and 
weld metal by William C. Stewart* and 
others. Other investigators have used 
specimens composed of base and weld 
metal. A survey of the literature indicates 
that none of these studies will predict ex- 
actly how weldments will distort upon ma- 
‘chining, and many of the tests on com- 
posite specimens have been complicated 
by the geometry of the specimens. 

The author, therefore, after consider- 
able study selected the 90° cross-weldment 
specimen as early as Sept. 16, 1941, for a 
study on machining stability. The 90° 
cross-weldment specimen has the follow- 
ing advantages: 


1. It is symmetrical about all three 
main axes. 

2. It provides study of the longitudi- 
nal stresses without being greatly in- 
fluenced by the stresses in the other direc- 
tions. 

3. It is extremely sensitive to any un- 
balancing of longitudinal stresses particu- 
larly to the unbalancing of stresses 
accomplished by the removal of base or 
weld metal. 

4. A reasonable amount of lateral dis- 
tortion in a specimen has little or no effect 
upon strain gage calculations from the test 
data since an average of the two sides 


* Senior Metallurgist, U. S. Naval Engineering 
Experiment Station, Annapolis, Md. 
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gives data similar to that of an ideal or 
perfectly straight specimen made under 
the same conditions. 

5. Check deflection readings are pos- 
sible from this specimen by using first one 
and then the other end on the inclined fix- 
ture. See Appendix B. 

6. It may be fabricated from a nominal 
amount of one thickness of plate (*/,-in. 
plate used throughout this research). 

7. It is not too bulky or heavy to 
handle. 

8. It is a convenient size for stress re- 
lieving and machining. 

9. It requires only: the simplest of 
welding. 

10. It is similar to many welded 
structural joints used commercially and 
therefore is understood by the practical 
man. 

11. Base metal cracks in the heat- 
affected zones, particularly longitudinal 
cracks which do not propagate to the sur- 
face, have little effect on test results. 

12. It provides three studies from the 
same specimen (i.e., deflection, strain gage 
and mechanical property). 


Preparation, Welding, Machining and 
Measuring of Specimens 


Fifty-three specimens, B-1 to B-12, 
inclusive, C-1 to C-12, inclusive, D-1 to 
D-12, inclusive, E-1 to E-13, inclusive, 
and E-16 to E-19, inclusive, were pre- 
pared, welded and then subjected to vary- 
ing portions of the following outline: 


1. Large plates as received from the 
mill were flame cut at room temperature 
to facilitate handling and preheating of 
smaller plates. 

2. The small plates were then furnace 
preheated to 600° F. for flame cutting to 
reduce machining difficulties caused by 
the hardenability tendencies of the plates. 

3. Test pieces were flame cut approxi- 
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mately in. oversize from the yarioy 
small plates and cooled slowly oy: rnight 
in the furnace from 600° F. 

4. All cross bars were machined , 
x */, x 12'/,in., and all uprights wer, 
machined to 2 x 3/, x 12!'/, in. 

5. One 2-in. upright per specimen wa 
drilled and counter sunk using a size C9 
drill and counter sink at both ends for ¢, 
flection locating holes '/, in. from edg, 
(See Fig. 1.) 

6. Four contact areas per specime, 
were surface ground on the edge of th 
2-in. upright nearest the locating hol 
used for deflection measurements. 

7. Thirty-six strain gage holes we; 
drilled with a No. 56 drill in one crossha; 
and two uprights constituting one spe 
men. Two holes were drilled per station 
1 to 9, inclusive, on the right and lef; 
sides of each specimen. Station 1 wa 
located */, in. from surface-ground edg: 

8. Strain gage readings were taken an 
recorded as ‘‘before tacking.”’ (Fig. ( 
and Fig. C2 are photographic copies ; 
pages taken from the Data Book. 

9. Initial inclined fixture reading 
were taken and recorded as ‘“‘before tack 
ing.” 

10. All specimens were tacked in th 
following mamner: 


(a) Three pieces were clamped in pos 
tion with two C clamps, spaced 4 in. o: 
each side of the center line. (b) To ck 
crease the tendency for root bead cracking 
during the welding, small combustibk 
compression spacers were used betwee: 
the edges of the 2-in. uprights and the fac: 
of the crossbar directly in line with the ( 
clamps. Once the specimens were tacke 
light could be seen through the specimen 
on both sides of the crossbars except wher 
the tacks were located. (c) The actua 
tacking was accomplished in the following 
manner: 


1. Twelve tacks were used, 3 in eac! 
quadrant. 

2. All 12 tacks were made from 12 in 
of one electrode 5/32 in. in diamete: 
and 14 in. long, using the electrod 
scheduled for the welding of that 
particular specimen. Class £-100! 
electrode was used to tack ail speci 
mens except £-13 which was tack 
and welded with class £-6010 ele 
trode. 

3. All strain gage holes were covered 
with metal or asbestos to protec 
their edges from spatter or acc! 
dental striking of the arc. 

4. Each quadrant was completely 
tacked in the order indicated by 
root passes 3, 4, 1 and 2 in Fig 

5. The first tack was made at one end 
then at the opposite end, wit! 
final tack in the center before turn 
ing the specimen for tacking in an 
other quadrant.* 


* This outlined procedure of tacking produced 
specimens which showed, (1) no tendency for tack 
cracking as the welding progressed; (2) a fai 
balance of stresses from tacking, see Table I!! 
(3) a slight closing or decrease of the 90° angles 
the second and fourth quadrants, which angle 
were again increased or restored to approximately 
90° by the weld passes 1 and 2 (the four quad 
rants are located, respectively, by root pas 


4, 2 and 3); (4) a tacked specimen which has 


initial compression over most of the 2-in. uprights 
increasing in magnitude toward the outside edge* 
of the specimen while the entire crossbar 1 
tension. 
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Typical Voltage Record 


ll. Specimens were automatically 

welded as indicated in Fig. 1, supported 
in the flat (troughed) position. All passes 
were made by first using one full length of 
electrode, then a half length to complete 
the 12-in. pass. Consequently the change 
of electrode always took place approxi- 
mately 2 in. after the pass traversed the 
middle of specimen. Specimens B-1, C-1, 
D-] and E-1 were welded with one more 
pass in each quadrant making a total of 
20 passes per specimen. Since these speci- 
mens when machined in the as-welded 
‘ondition did not distort as much as the 
specimens which were welded with 16 
passes, it was decided to use a maximum 
ot 16 passes on all other specimens. 
_ 12. All specimens were measured with 
both the strain gage and inclined fixture. 
Table V shows stresses or indicated 
stresses as calculated from the strain gage 
readings. Table IV shows stresses or cal- 
culated stresses for typical specimens of 
four steels after tacking and also after 
welding of 4, 8, 12, 16 and 20 passes. 

13. Specimens were selected for stress 
relieving and machining. 


1945 


Fig. Al 


AMPERES 


14. Six specimens of each steel were 
stress relieved as described in Appendix D. 

15. Specimens were machined and 
measured in the following manner: (a) 
Recorded strain gage readings after stress 
relieving or last weld pass on specimens 
not stress relieved (i.e., original or last 
weld pass S-G reading before machining). 
(b) Recorded inclined fixture readings 
after stress relieving or last pass on speci- 
mens not stress relieved (i.e., original de- 
flection readings). (c) Machined !/, in. 
from top edge of specimen in two cuts of 
1/, in. each in a shaper using slow feed, 
slow travel and a sharp tool to minimize 
the cold-work effect which would heat 
specimen and produce new internal 
stresses. (This machining is referred to as 
cut No. I.) (d) Cooled to room tempera- 
ture. (e) Recorded strain gage readings 
and computed differences between these 
readings and the original strain gage read- 
ings before machining. (f) Recorded de 
flection readings at both ends of specimen 
and computed differences between these 
readings and the original deflection read- 
ings before machining. (g) In like manner, 
steps c, d, e and f were repeated and this 
operation was known as cut No. II. It is 
important to note that the measurement 
of the depth of cut was taken at the center 
of the previous cut. This procedure per- 
mitted eight '/,-in. cuts to the top of the 
crossbar at its center, regardless of the 
magnitude of distortion as the machining 
progressed. (hk) Repeated cutting cycle 
(steps c, d, e and f above). This was 
known as cut No. III. (7) Repeated cut- 
ting cycles (steps c, d, e and f above), until 
all cuts and fractional cuts from III to 
XIII had been completed. 


APPENDIX B 


Deflection Measuring Devices 


The original deflection measuring fix- 
ture was constructed as shown in Fig. Bl 
with the thought in mind to use a speci- 
men of sufficient length to produce central 
deflections of appreciable magnitude, 
particularly for specimens in the stress- 


TABLE XII 


DEFLECTION DATA SHEET — 90° CrosS WELDMENT SPECIMENS MILD STEEL 


Total Total Total 
Measured Amount Deflection in Deflection in Deflection in 
after Metal Horizontal Inclined Fixture Inclined Fixture 

Cut No. Removed* Fixture Using 4” Base Using 6” Base 

A-l A-2 i-1 A-2 A-l A-2 

0 0 in. 0 in. 0.000 0.000 0.000 0.000 0.000 0.000 

I aay Sy 0.008 0.000 0.003 0.000 0.004 0.000 

II % % 0.022 0.001 0.010 0.001 0.009 0.001 

lil 1% 1% 0.037 0.001 0.019 0.001 0.016 0.001 

IV 1% 1% 0.048 0.001 0.025 0.001 0.022 0.001 

Vv 1% 1% 0.058 0.005 0.033 0.003 0.028 0.002 

VI 2% 2% 0.071 0.005 0.040 0.003 0.033 0.002 
Vil 27/10 25% 0.077 0.005 0.046 0.004 0.037 0.003 
Vill 2*/16 2% 0.081 0.005 0.049 0.004 0.039 0.002 
IX 33/1 3% 0.088 0.006 0.053 0.005 0.042 0.003 

xX 3°/16 Bly 0.058 0.006 0.030 0.005 0.926 0.003 

XA 3% and 0.005 0.003 0.002 

XI 3°/16 4% 0.034 0.003 0.015 0.002 0.014 0.001 
XII 4/10 4's 0.034 0.003 0.014 0.003 0.014 0.002 
XII AS 4% 0.009 0.002 0.002 0.002 0.002 0.002 


The above data are believed to be accurate to at least +0.001 in. 


* Specimen A-1—as welded condition. 
Specimen A-2—SRA 1150°F, 2 hours. 
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DIAL 


TOP VIEW OF FIXTURE AND INDICATOR DIAL, ZERO POSITION 
OF DIAL SHOWN DOTTED 


INDICATOR 
DIAL 


SIDE VIEW OF FIXTURE, SPECIMEN SHOWN DOTTED 
Fig. B1—Horizontal Measuring Fixture 


STANDARD BAR IN PLACE 4°BASE SPECIMEN PLACE 4” ease 
Fig. B2—-Inclined Measuring Fixture 


relieved conditions. Referring to Table 
XII it is noted that Specimen A-2 (24 in. 
in length x 6*/s in. in depth and stress re- 
lieved at 1150° F. for a period of 2 hr.) pro- 
duced a maximum deflection of 0.006 in. 
Assuming that higher stress-relieving 
temperature would produce smaller de- 
flections, it appeared necessary that a 
more sensitive instrument be contrived to 
measure greater deflections without resort- 
ing to extremely long and narrow speci- 
mens which would require a substantial 


increase in the amount of welding and ma- 
chining. Considerable study was given 
to this problem which resulted in the crea- 
tion of the inclined fixture, Fig. B2. 

Because of the multiplicity of specimens 
required in this investigation further study 
and experimentation of specimen sizes to 
be used on the inclined fixture resulted in 
the adoption of a 12'/, x 4°/s-in. specimen. 
By adopting this new geometry and the 
inclined fixture, most satisfactory results 
have been obtained. 


APPENDIX C 


Strain Gage Measurements 


Strain gage measurements were take: 
with a 10-in. Berry strain gage at variou 
stages of the preparation, welding, stres 
relieving and machining of the 53 spec 
mens. Typical records of these measure 
ments are shown in Figs. Cl and C2 whict 
are reproductions of pages in the Data 
Book. 


Similar strain gage records have been 
used to calculate the following tables 
Table ITI portrays the stress patterns i: 


specimens after they have been aren 
Table IV portrays the stress patterns | 
(As Welded Cond tian) certain typical specimens as the welding 
NaS GAGE /TEASUREMENTS 
wyas Yor 170) 166 ISIN 20203 \/24) | 163) 172\/86 able V portrays the stress patterns 1 


<3 bay 264/24 Avs 34/ 399/ A specimen of each steel under study 


was selected to be stress relieved at ter 
peratures 900, 1000, 1100, 1200, 1300 an 
1400° F., respectively. The facilities o! 
the Battelle Memorial Institute, Colu: 
bus, Ohio, were used for the stress-relics 
ing procedure. 

Specimens to be stress relieved at {)' 
1000, 1100 and 1200° F. were properly 


I” (207 22 vAy Ay 


4/24/43 


190 | grouped and at convenient interval 
9/16/43 2% /-9\/-9 Ae placed in two Lindberg air circulat 
(Z yAyAyA 267 VAVA furnaces. The furnaces were turned on 
ASE +3) Sod 


and controlled at an increased rate of ~'! 


*, per he i » respective stress 
/o12 F. per hour until the respective 


AS! 2D relieving temperatures were reached. Al 
Za £39 Ait /| groups of specimens were held at ther 
HB 2% y, respective temperatures for 2 hr. and ' 

aay allowed to cool in the furnaces. Cooling 

2% Lo AVE rates were not recorded. 
S43 XI 25" VY Specimens to be stress relieved at 
and 1400° F. were similarly treated in 4 
eye yAyA Westinghouse heat-treating furnace. | hi» 


furnace, however, was not equipped wit! 
an air circulating feature. 

It is believed that the various stress 
relieving temperatures of the Lin; 
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Mechanical Property Test Specimen 


furnaces were held to within +10° F., and 
those temperatures of the 
furnace were held to within #15° F 


Westinghouse 


APPENDIX E 


Mechanica! Property Tests 


Mechanical property tests were made to 
determine the effect of thermal stress 
relieving cyclic treatments upon the yield 
strength, ultimate strength and percentage 
elongation in 2 in. of the four steels when 
pulled in tension 


Preparation of Specimens 


To obtain specimens of each steel at 
each temperature under 
study, in addition to specimens in the as- 
welded condition, new smaller specimens 
were machined from the 1-in. strips which 
remained after the 90° cross-weldment 
specimens had been completely machined, 
i.e., machined successively cut-by-cut to 
cut XIII as in Fig. 1 rhe 1-in. 
were milled as indicated in Fig. E1 


stress-relieving 


strips 


Testing 


tested in tension 
in a 50,000-lb. Olsen universal testing ma- 
chine. Care was exercised to minimize 
eccentricity in the specimens. Strain gage 
readings were taken at both edges with a 
4-in. Berry gage at 1000-Ib. increments of 
load and curves were plotted. The offset 
method using 0.1°% offset was used to 
determine the yield strengths from the 
curves 


The specimens were 


Re sults 


The results of these tests are reported in 


Table XI. 
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Discussion 


Graphitization of Low-Carbon and 
Low-Carbon-Molybdenum Steels 


Report of High-Temperature Pipe Weld Investigation, ' 
Public Service Electric and Gas Company 


H. WEISBERG.’ Since reporting a year ago at this 
meeting, the investigation of graphitization of the high- 
temperature piping in the Public Service Electric and 
Gas Co. Stations has continued, and at this time 45 
joints have been sampled. Five of these have been re- 
sampled a second time after additional service. 

Six joints have been found sufficiently graphitized in 
the contact zone between the parent metal and the weld 
heat-affected area to require cutting out and rewelding. 
These are listed in Fig. 1, and were all in carbon-moly 
steel, killed with approximately 2 lb. of aluminum per 
ton. 


JOINTS REWELDED 


Average 
Specimen Hours Tempera- Hours Above 
No. Material Service ture 950° F. Temp. 
28 12-in. cast valve 24636 927 1353 
33 8-in. pipe 42263 931 1500 
36 8-in. pipe 42263 931 1500 
46 8-in. pipe 45972 936 2500 
49 8-in. pipe 45972 936 2500 
50 12-in. cast valve 31151 927 1500 
Fig. 1 


There are two 12-in. and four 8-in. joints involved. 
Service time varies from 24,636 to 45,972 hr. Steam 
temperature averaged 927 to 936° F. with 1353 to 2500 
hr. above 950° F. and a maximum temperature of 990° 
F. The first and last items in the tabulation are joints 
at opposite ends of the same valve. One end of the valve, 
corresponding to Specimen No. 28, was resampled 6515 
hr. after rewelding and showed no graphite. A heat- 
treatment of 4 hr. at 1300° F. was applied following the 
rewelding operation. 

Based on our observations up to this time, the factors 


* A paper by H. J. Kerr, New York, and F. Eberle, Barberton, Ohio, pre- 
sented at the A.S.M.E. Annual Meeting, New York, November 1944, and 
published in the Supplement to the February 1945 issue of THe WetpInc 
JOURNAL. 

! Submitted as discussion of papers presented on the general subject of 
Graphitization of Steel Piping at the December Ist session of the 1944 Annual 
Meeting of the A.S.M.E., New York. 

? Mechanical Engineer, Electric Engineering Department, Public Service 
Electric and Gas Co., Newark, N. J. 


(Etched) Full Size 


responsible for and accelerating the formation of the 
segregated type of graphite in the contact zone at welded 
joints are as follows: 


(a) Amount of aluminum used in deoxidation. 
(6) Service temperature. 

(c) Time in service. 

(d) Stress in service. 

(e) Heat input during welding. 

(f) Post-weld heat-treatment. 


With so many factors involved the results of sampling 
welds which have been in service under variable condi- 
tions yield seemingly inconsistent results. The concen 
tration of graphite found will vary considerably on the 
two ends of the same length of pipe, around the circum- 
ference of a joint as well as from the inside to the outsic 
of the pipe wall. Using the more easily determined 
factors as a guide, particularly the first three, i.e., amount 
of aluminum used in deoxidation, service temperature 
and time in service, it is believed that the joints most 
likely to be severely graphitized have been uncovered 
All that were found in a questionable condition hav 
been rewelded. 

Figure 2 shows micrographs of Specimen No. 50, rep 
resenting the worst case found. Miniature bend bars 
from this probe broke in the graphitized contact zone 
with 6% elongation. Figure 3 shows micrographs of the 
contact zone. 

We have recently found an instance of a small amount 
of graphite in the contact zone of a welded joint at a 
carbon-moly forged tee which was normal by McQuaid- 
Ehn test. The joint had been in service 45,972 hr. at 
936° F. average temperature, with 2500 hr. over 950° F. 
Figure 4 shows the McQuaid-Ehn test. Figure 5 shows 
etched micrographs of the specimen. Graphitization is 
not sufficient to impair ductility. The presence, how- 
ever, of any graphite in this normal steel is contrary to 
the observations of Kerr and Eberle. It is planned, 
therefore, in the near future to remove the entire forging 
for more detailed examination. 

Accelerated tests at 1000° F. are being carried out on 
several piping materials removed from service, as well 
as unused materials, to determine: 


(a) Effect of additionai heating on various materials 
now in service. 
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Fig. 3 


b) Effect of various heat-treatments before welding. 

c) Effect of various heat-treatments after welding. 

d) Effectiveness of dissolving graphite by normaliz- 
ing in cases where physical properties have not 
yet been impaired. 


In connection with the graphite dissolving tests, 
normalizing at temperatures up to 2200° F. has been in- 
vestigated. Bend specimens of joints where the ductility 
had been reduced show only a slight improvement after 
this heat-treatment, which agrees with results obtained 
by Emerson and others. Figure 6 shows microstructures 
of the specimen shown in Fig. 3 after normalizing for 2 
hr. at 1700° F. The dark spots indicate a residue or 
voids left in the general area where the graphite nodules 
were before the heat-treatment. As far as is known there 
has been no satisfactory explanation or identification of 
this residue. A 2200° F. treatment gave approximately 
the same result. 

{he only cure for badly graphitized joints at this time 
appears to be cutting out and rewelding. A normalizing 
post-weld heat-treatment at 1700° F. might be used after 
rewelding and should avoid recurrence of graphitization 
of the contact zone but is difficult to apply at valve joints. 
A heat-treatment of 4 hr. at 1300° F. may be sufficient, 
and this is what we are using until more information is 
available. 


H.W. McQvuaip.’ This important paper is of especial 
interest to me because of the emphasis it gives to the 
value of the so-called ‘‘normal’’ and “‘abnormal’’ indica- 
tions of the type of a given steel. 

The whole study of the effect of aluminum and es- 
pecially the effect of certain combinations of aluminum, 
sulphur and nitrogen on the carbide solubility and the 
grain growth characteristics is of much greater impor- 
tance to the user of steel for some important applications 
than is generally realized. 

Normality and abnormality were much discu#ed 
several years ago and have yet to be clearly explained. 


* Manager, Process and Product Development Div., Republic Steel Corp 


Davenport and Bain and others consider ‘abnormality ’ 
as the tendency of a steel to precipitate excess carbon as 
thick carbide envelopes in a slowly cooled carburized 
steel with coarse lamellar pearlite, if any, separated from 
the network by a wide band of ferrite sometimes contain- 
ing large spheroids of carbide. They consider a normal 
steel as one in which the excess carbon on slow cooling 
separates as thin, smooth carbide envelopes entirely 
contiguous with the finer lamellar pearlite. 

Davenport and Bain state that an abnormal steel dur- 
ing transformation possesses high carbon diffusivity rela- 
tively to the velocity of the austenite transformation in 
the early stages. 


Fig. 4 (500 «) 
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Thus the tendency for the carbide to agglomerate 
according to the above theory would be greater in the 
abnormal type of steel and spheroidization more easily 
obtained. 

Normality has been the basis on which thousands of 
tons of plain carbon low-carbon carburizing steel was 
purchased when so much difficulty was found in prevent- 
ing soft spots on the hardened surface of the water- 
quenched carburized parts. 

It was also the basis on which hundreds of thousands of 
tons of carbon molybdenum steel for heat treating were 
purchased under the trade name of Amola steels. 

Many important and careful studies of the abnormality 
characteristics of steel have been made in America and 


“4 


Of these the work of Digges and Wills have 
been among the most important. Digges showed that 
the ‘‘abnormality” characteristic was the inherent char- 
acteristic of pure iron free from manganese, aluminum or 
other alloys. In connection with the work done with 
Wills where the goal was “‘abnormal’’ structures in the 
slowly cooled carburized test which contained manganese 
and molybdenum it was found that nitrogen played an 
important part and the lower carbon open-hearth types 
required nitrogen additions if the proper degree of ab- 
normality was to be obtained. The work of Sims and 
others has indicated the connection between the alumi- 
num and sulphur in promoting envelope sulphides in the 
range of aluminum additions most likely to promote 
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abnormality and this has also been found to have a direct 
relation to reduced solubility for carbides in austenite 
and a distinct tendency to prevent uniform carbon diffu- 
sior! in localized areas. 

if we consider a moment what we really mean when we 
state that the carburizing test shows abnormality I think 
this will be clearer. Suppose in making this test we 
supersaturate with carbon at 1700° F. the outer portion 
of tests from two heats of steel and then we permit them 
to cool very slowly in the carburizing compound which 
is an excellent insulator. 

At a certain relatively high temperature in one of 
these steels the excess carbon is precipitated in the form 
of iron carbide in ferrite. At the relatively high tempera- 
ture the ferrite offers little interference to the tendency 
of the carbide to coalesce. The precipitation and coales- 
cence of the carbide in relatively heavy masses is accom- 
panied by a depletion of carbon in the surrounding areas 
so that there is always present excess ferrite surrounding 
the partially coalesced carbides. 

This steel we say upon examination is ‘‘abnormal.”’ 
In the other test the precipitation of excess carbon as 
carbide occurs at a lower temperature in a ferrite which 
is relatively rigid and interferes with the tendency of the 
excess carbide to coalesce—also the precipitation is 
apparently at a more gradual rate and the solubility of 
the eutectoid carbon greater so that we have in the test 
as cooled, carbides more evenly distributed in fine plates 
which resist coalescence to a marked degree. ‘This is 
what is known as a “‘normal”’ steel and simply indicates 
an increased solubility of the carbide in the austenite. 

The condition of abnormality need not necessarily be 
uniform throughout a test since it 1s based on carbide 
solubility which varies greatly from boundary to center 
of pearlitic grains and from areas (bands) of high segrega- 
tion of sulphides and oxides to areas of low non-metallic 
segregation. 

It is my opinion that in carbon and carbon molyb- 
denum steel of low manganese content, that is, under 
0.50%) manganese the addition of aluminum in the range 
of 5 oz. to 36 oz. per ton will, if the sulphur is above 
approximately 0.015% , result in a distinct tendency for 
the carbon to segregate away from certain grain boundaries 
where sulphides and perhaps nitrides and oxides have con- 
centrated 

This results in an increased tendency for banding to 
occur which is another way of saying that there are 
present in the steel localized areas where the carbides are 
dificultly soluble and tend to coalesce. It is my opinion 
that this tendency to coalesce is the first step toward graphi- 
tization. 

The tendency for the carbides to coalesce with greater 

ease in the abnormal steel is easy to demonstrate but the 
increased tendency for the massive coalesced carbides 
to graphitize is more difficult—I have seen at times under 
high magnification what looked like graphite particles 
in the boundaries of badly coalesced abnormal steels. 
Until the work of Austin and Fetzer there was little con- 
nection between coalescence and graphitization. Most 
oi the studies I have made of malleable iron indicate that 
coalescence of the excess carbide was a preliminary step 
because of the distribution and appearance of the graph- 
ite. 
_ Austin and Fetzer indicated that quenching after heat- 
ing above the critical range was an important stimulator 
ol graphitization and this may be a factor in the develop- 
ment of the weld-affected structures in the Kerr and 
Eberle paper. There is in all unannealed welded sec- 
tions a zone where the steel has been heated above the 
critical range and where the cooling rate due to the 
proximity of unheated steel approaches that of a fast 
water quench. 
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The work done in this paper indicates definitely in my 
opinion that the carbide coalescence was a preliminary 
step toward graphitization. The temperatures used in 
this investigation were lower than that used in the 
graphitization of white iron in making malleable. Per- 
haps a shorter test might be devised by picking out a 
graphitizing temperature of approximately 1300° F. 
where the relative tendency for coalescence and graphite 
formations might be indicated by 100 hr. rather than in 
4 or 5 years at 950° F. The carburizing test with its 
hypereutectoid carbide and its slow cooling through the 
range of excess carbon precipitation and carbide forma- 
tion seems to be a rather sensitive indicator of the tend- 
ency to graphitize. It also will indicate, I am certain, 
that higher manganese plus a carbide stabilizer such as a 
small percentage of chromium with an effort toward the 
lowest sulphur content and the minimum of aluminum 
will insure the very minimum of tendency to coalesced 
carbides and hence graphitization in a carbon or carbon- 
molybdenum steel. 


H. A. ScHWARTz.* This commentator regrets that he 
did not receive the paper by Kerr and Eberle soon 
enough to study it in sufficient detail before preparing a 
discussion to permit of adequate comment on the many 
facts which the authors recorded. Since most of the 
structures in which the power plant engineer is interested 
are fabricated from pipe, it is not surprising to find that 
the major accent in the present paper is on rolled or 


‘forged steels. 


Lacking a sufficient background in that direction it 
will be well to confine this discussion of the paper to steel 
castings. This field seems to have been dismissed rather 
lightly in the original paper and one forms the conclusion 
that steel castings, generally speaking, behave better than 
pipe, and that the authors were not so well satisfied with pre- 
dictions made as to the behavior of the castings as with pre- 
dictions made as to the behavior of pipe. 

Any tendency to limit the steel foundryman in his use 
of aluminum is a matter for most serious consideration. 
The use of this element for deoxidizing cast steel, es- 
pecially acid electric cast steel, which is very commonly 
used for castings of this type, is well nigh universal. 
Following the work of Sims and his associates Lilliqvist 
and Dahle, it has been the practice of steel foundrymen 
to avoid the use of small or moderate amounts of alumi- 
num and to work with additions of the general magni- 
tude of 2 Ib. of aluminum per ton of steel castings. The 
amount of metallic aluminum left in the steel is very 
widely variable but the intent is to use an addition which 
will result in a residual metallic aluminum exceeding one- 
hundredth of a per cent. If it were practicable to use 
exactly the amount of aluminum which would combine 
with the oxygen present, the result would be a steel of 
low ductility and impact resistance, and if still less 
aluminum were used, difficulties due to lack of soundness 
of casting would be encountered. While it is not im- 
possible to make completely deoxidized steels using 
silicon only for this purpose, the processes involved are 
not so desirable from the foundry viewpoint as those 
contemplating the addition of aluminum. 

It seems well, therefore, to give passing consideration 
at least to the question of why cast steels do not behave 
like wrought steels with respect to the property now being 
studied. To begin with, it is apparent that not much 
emphasis has so far been placed on the difference in silicon 
content between the two materials. Kerr and Eberle do 
indeed record the silicon content of wrought steels as 
being something below 0.20 in general. They also record 


4 Manager of Research, National Malleable and Stee! Castings Co., Cleve 
land, Ohio. 
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a silicon content of 0.43 for a cast steel, but do not 
comment on this difference, which in the present tenta- 
tive state of our knowledge may be important For 
example, might it be that it is desirable to have silicon 
present? 

With respect to the use of aluminum in the two prod- 
ucts, it is to be remembered that the difficulties arising 
in castings containing a little aluminum are due to the 
form of the sonims retained in the steel. This is a matter 
of no consequence whatever if the steel is finally to be 
rolled, since the sonims are then re-formed by hot work 
and no longer exist in the stringy form which causes them 
to damage a casting which has to be used in the form in 
which it was made. It is also true that manufacturers 
of pipe might find such an alloy as the chromium content, 
spoken of by the authors, objectionable in fabrication, 
whereas the steel foundryman is not confronted with 
that difficulty and very frequently makes material of 
that type. 

Pretty much all of the aluminum-killed cast steels 
which this commentator has ever examined contain 
amounts of aluminum which the present authors would 
unqualifiedly condemn. They are almost always char- 
acterized by a grain size of about 6 to 8 A.S.T.M. and 
they are preponderantly abnormal. Quite extended 
study has indicated that although the grain size is 
significantly correlated with the residual aluminum con- 
tent, the rate of change of grain size with aluminum con- 
centration is so small that no reasonable change in alu- 
minum content would produce an important change in 
grain size. In the field of steel castings, therefore, it 
seems impossible to generalize to the effect that high 
aluminum, small grain size and abnormality are all so 
intimately connected that their effects cannot be sepa- 
rated. 

Most regrettably this commentator has not had access 
to any extended series of samples removed from high- 
temperature service, representing steel castings. Surveys 
of graphitization under service conditions in castings 
made by the company with which the writer is associated 
are known to have been made. Inquiry from those in- 
formed as to the results have elicited only the statement 
that no difficulties were encountered. Having no sup- 
porting data or permission to quote verbatim, this state- 
ment is made from hearsay but is believed to be true. 
If reliable, it seems to offer support for the belief that 
aluminum-killed cast steel is per se not objectionable. 
Perhaps the absence of that element should be regarded 
as sufficient, but not necessary to prevent trouble. ° 


J. W. Botton*. We are indebted to Messrs. Kerr 
and Eberle for their well-prepared paper giving results 
of their studies of field and laboratory samples. This 
and other papers on graphitization in low-carbon wrought 
and cast steels show clearly that the problem or problems 
are beset with many variables and that much yet remains 
to be done before all variables are understood and con- 
trolled and the over-all mechanics clearly revealed. 

Research by The Lunkenheimer Co. has been con- 
fined largely to cast steels. Work completed to date 
deals largely with WC-1 (carbon moly) both ‘‘aluminum 
deoxidized”’ and “‘silicon deoxidized’’ and WC-4, “‘alu- 
minum deoxidized.’’ A large variety of structures have 
been obtained under controlled conditions, and exam- 
ined for periods up to 6000 hr. for ‘“‘aluminum deoxi- 
dized’’ and 4000 hr. for ‘“‘silicon deoxidized’’ samples. 
A graphitizing temperature of 1100° K. has been used for 
most of the comparative tests. (1000° F. was found 
slow, at 1200° F. and above graphitizing tendencies were 


5 Director of Metallurgical Research and Testing, The Lunkenheimer Co., 
Cincinnati, Ohio 


354-s 


WELDING RESEARCH SUPPLEMENT 


In case of “‘aluminum-killed” carbon moly, WC-1, , 
structures were readily graphitized, although in point , 
time some were more susceptible than others. U it 
4000 hr. (and in view of Messrs. Kerr and Eberle’s stuqdie: 
presumably beyond) graphitization has not been py 
duced in the ‘‘silicon-killed” carbon moly, WC-|, ¢ 
far this work confirms that of Messrs. Kerr and Eber| 
Unless methods be in question—and they are not—ther, 
is not much point to confirmatory discussion. Our djs 
cussion is justified on basis of disagreement with basis jp, 
the authors’ conclusion 14. They took a silicon-killey 
steel, which would not have graphitized anyhow (,; 
basis of their and others results), added chromium ; 
same, and on basis of this not graphitizing, recone 
specification of silicon-killed chrome-bearing carbo; 
moly for high-temperature steam plant usage. The ac 
quacy of this recommendation, as applied to cast product 
is questioned. 

We have been unable to graphitize the “aluminum 
killed’’ WC-4 alloy, in any of various structural cond; 
tions in tests last checked at 6000 hr. This steel | 
fundamentally different in behavior from ‘‘aluminun 
killed” carbon moly, WC-1. Since the latter graphitix 
ultimately in a// structural conditions, stability (or mor 
accurately, persistence) or lack of it apparently is an in 
herent characteristic. 

The benefits of ‘‘aluminum deoxidation”’ in the attain 
ment of sound castings is firmly established in the iy 
dustry. “Silicon deoxidation”’ in acid electric furnac 
practice is inadequate—as has been shown again by th 
M.S.5. cooperators having to “‘give up’”’ on making soun 
“silicon-deoxidized”’ test plates in their current investi 
gation. 


It is not argued that WC-4 is the only low alloy stec! 


that may be devised to have high graphitization resist 
ance in the ‘“‘aluminum-deoxidized”’ state. However, 1! 
is the only one so far demonstrated to possess high r 
sistance. Its good weldability is known, its tensil 


properties are good, its creep properties excellent, 11s 


foundry characteristics are favorable, it is covered in at 
existing specification (A.S.T.M.-A-217) and is recog 
nized by regulatory bodies. 

We feel that the authors’ conclusion 14, a recom 
mendation which rules out all ‘“aluminum-deoxidized 
steels, may, in case of cast steels, be ‘jumping from the 
frying pan into the fire.”’ 


FRANCIS B. Fotey.® This paper by Kerr and Eberk 
presents convincing evidence of a relationship betwee! 
McQuaid-Ehn abnormality and graphitization of the 
cementite in carbon and carbon-molybdenum steels b« 
low their transformation temperature—which is to say, 
in the range of temperature where, for practical purposes 
the stable phases have been taken to be ferrite and 
cementite. Steels having a normal structure in th 
McQuaid-Ehn test apparently do not graphitize under 
similar conditions of exposure. An important difference: 
in the compositions of the two types of steels appears l 
be that the normal type has an aluminum content of the 
order of 0.002% whereas the abnormal steels conta 
from ten to -thirty times as much aluminum. [his 
aluminum is presumably in solid solution in the ferrite 
It is the graphitization of the carbide, however, whichis 
of concern, and the composition of the carbide in the 
normal steel and in the abnormal steel is the same. !t 1s 
known that the amount of aluminum used in deoxidizing 
molten steel determines the normality of the final product 
under the McQuaid-Ehn test. Thus, it appears that 
aluminum which dissolves in the ferrite of the steel affects 
the normality of its microstructure which in turn 1 


* Superintendent of Research, The Midvale Co. 
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indicative of the stability of the carbide with which the 
aluminum does not chemically combine. This is not 
new. The whole art of graphitizing to produce malleable 
iron depends on the silicon content of the iron, more than 
on anything else for successful graphitization and silicon, 
like aluminum, dissolves in the ferrite and does not com- 
bine with the carbon. Nickel is another element, soluble 
in ferrite, which promotes graphitization of the carbide 
with which it does not combine chemically. Carbide- 
forming elements, on the contrary, prevent graphitiza- 
tion 

When aluminum is added to molten steel it does two 
things—it forms alumina by combining with oxygen, and 
when the available oxygen is exhausted it dissolves in the 
steel. It appears to be the dissolved aluminum that 
causes graphitization. Obviously an amount of alumi- 
num markedly in excess of that required to deoxidize the 
metal is necessary to produce this undesirable effect. 

Not so many years ago there were steel melters who 
boasted that they ‘“‘made their steel in the furnace, not in 
the ladle.”’ They depended on manganese and silicon 
for deoxidation and contended that additions of alumi- 
num in the ladle or in the molds were made to cover up 
bad melting practice. During recent years the proper 
use of aluminum in deoxidation has come to be recognized 
and has resulted in precise control of the structure and 
response to heat-treatment of steel for certain purposes 
not previously attempted. The mechanism whereby 
iuminum additions produce these effects is still not clear. 

Some of us, in plants which inherit a tradition of ‘‘mak- 
ing our steel in the furnace,’ have not acquired an alu- 
minum habit and the silicon-killed product melted in 
wid furnaces has fortunately been found so far not to be 
prone to the condition of carbide instability when sub- 
jected to the same conditions of temperature which have 
caused graphitization in the aluminum-killed steels. 

rhe cure for this condition of carbide instability is not 
to be found necessarily in arbitrarily preventing the use 
of aluminum in deoxidizing steels destined for service at 
the temperatures prevailing in steam power plants nor 
ior that matter in dictating the amount the steel maker 
uses. Steel makers have shown their ability to control 
within narrow limits the characteristics of steel affected 
by aluminum deoxidation and undoubtedly can control 
this new variable when factors involved are still more 
clearly developed. 

It is possible that fluctuations in temperature of the 
metal in service may have an effect in the stability of the 
carbides and the rate of decomposition. Figure 7 repre- 
sents a portion of the iron-carbon equilibrium diagram 
showing the solubility of carbon in alpha iron in the 
temperature range in which the graphitization under dis- 
cussion takes place. This diagram shows that 0.006% 
of C is in solution in ferrite at room temperature but that 
the solubility of carbon in ferrite increases with increase 
in temperature until at 1333° F. it is 0.04%. It follows 
that the carbon in ferrite in pipe operating at a tempera- 
ture of 900° F. increases if the operating temperature 
rises to, say, 1100° F. This means that a small amount 
of carbide decomposes when the temperature rises and 
its carbon, amounting to 0.005°> in the case cited, 
passes into solution in the ferrite. When the tempera- 
ture of the metal again returns to 900° F. elemental car- 
bon, amounting to 0.005%, is precipitated. Whether 
this elemental carbon quickly combines to form carbide 
again may depend on the composition of the ferrite with 
respect, let us say, to its content of Al or Si or both since 
both elements stabilize the elemental rather than the 
combined (carbide) form of carbon. If the carbon re- 
mains in the elemental form a repetition of the cycle, in a 
lerrite favoring the elemental form of carbon, will involve 
the decomposition of more carbide, with the solution 
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and precipitation of more elemental carbon. This is a 
slow process involving very small amounts of carbon in 
each cycle of temperature change but, in the long period 
of time involved in the changes found in these installa 
tions, the amount of elemental carbon precipitated would 
ultimately attain the microscopical sizes found to be 
present. 


W. R. FARNSwWorTH’. During the past year or so it 
has been the writer’s privilege to work with Mr. Kerr in 
an endeavor to produce a steel that would not graphitize 
as rapidly as some of the steels made in the past. Mr. 
Kerr's paper, after many thorough tests, brings out the 
point that coarse-grain normal steels made with a mini- 
mum amount of aluminum are more difficult to graphi 
tize than either abnormal steels or fine grain steels. 

During the past year we have produced both plain 
carbon-molybdenum steels as well as the new specifica- 
tion of carbon-chromium-molybdenum steels with a 
normal coarse grain that have apparently been satis 
factory. 

In making steels of this type, careful consideration 
should be given to the selection of the scrap used in the 
heat as well as the hot metal, and our experience has 
been that these heats can be made to the best advantage 
by using approximately 60°, heavy scrap and 40% hot 
metal. The average carbon at melt-down is 0.95, and 
the heat is worked down to tap carbon by the judicious 
use of feed ore which amounts to approximately 17 Ib. 
per ton. 


7 Chief Metallurgist, Pittsburgh Steel Co., Monessen, Pa 
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Fig. 8—Picral (1000 x) 


When the heat has reached the proper tapping carbon, 
and the slag is in shape, the manganese in the form of 
silico-manganese is generally added in the furnace, and 
ferro-silicon plus about 0.4 of a pound of aluminum per 
ton are added in the ladle, with sufficient time held for 
teeming temperature. The steel is then teamed into 
moulds about 20 in. in diameter to a height sufficient 
to produce an ingot weighing approximately 4700 Ib. 
and during the teeming, no mould additions whatsoever 
are made. 
A general log of the heat would read as follows: 


60% 
Raw limestone.............. 85% 


Fluorspar used........ 

Manganese used............. 
Aluminum used............. 
Residual manganese 


17 Ib. per ton 
10 Ib. per ton 
12.5 lb. per ton 
9 Ib. per ton 
0.40 Ib. per ton 
11 hr. 

0.30 


To make steels of this type from the above brief de- 
scription seems apparently simple but, as mentioned pre- 
viously, the scrap must be selected with due regard to its 
analysis, the scrap must be fairly heavy, and the hot 
metal used must be within standard limits. At all times 
it must be kept in mind that this steel is intended for a 
special purpose, and the condition of the slag, taking into 
consideration viscosity and temperature, must be of the 
correct nature. 


Another factor of prime importance is the timing of 
the deoxidizers used, and allowance must be made for 
same when tapping the heat. 

Mr. Kerr’s paper, as well as papers by many other 
authors on the subject of graphitization, stresses the fact 
that steels containing metallic aluminum and alumina 
graphitize more readily than steels with very small 
amounts of aluminum and alumina. To reduce the 
amounts of this element some authors have suggested 
that no aluminum be used in deoxidation, and it is on 
this point that we take issue. It has been knowfi for 
years that the judicious use of aluminum is a very im- 
portant tool of the steel maker and, fn many cases, can- 
not be omitted in their steel practice. 

During the past 3 or 4 months we have been making 
many tests on steel, and we have obtained the analysis on 
the metal bath after melt-down and just previous to tap, 
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Fig. 9—Picral (1000 x) 


and we have found that today the dissolved aluminun 
and the alumina in the metal is almost twice that ob 
tained 5 or 6 years ago. This, we believe, is due to th 
fact that so many of the present-day steels are made t 
a fine-grain steel specification and, as is well known, fin 
grain is obtained only by the use of aluminum. 

All chemists are aware of the fact that dissolved 
aluminum and alumina are very difficult to analyz 
with absolute accuracy but comparative tests do prov 
the statement made above that the residual aluminun 
and alumina today is considerably more than that of th 
steel made a few years ago. In our opinion, this subject 
will be of considerable research during the next fey 
years. 


Author's Closure 


Mr. Weisberg has presented the case of a McQuaid 
Ehn normal carbon-molybdenum steel forging whic! 
had shown a slight amount of graphite in the weld-heat 
affected zone after 45,972 service-hours at an averag 
temperature of 936° F. of which 2500 hr. were over 950) 
F. This example is interesting not only because this © 
the first time that graphite was found in a McQuaid-Eh 
normal steel, but, more so, because it serves to illustrat 
the fact that the steels with which we are concerned ar 
all fundamentally unstable in the temperature range « 
850 to 1000° F. Differences in their behavior with 
respect to graphitization are, we believe, due to difler 
ences in their reaction rates. The high-aluminum 
deoxidized steels are faster reacting than the equivalent 
straight silicon-killed steels as is illustrated by the micro 
structures shown in Figs. 8, 9 and 10 representing thre 
types of carbon-molybdenum steels of almost identica! 
analyses which had been together isothermally trans 
formed at 600° F. Fig. 8 depicts the structure of a light 
aluminum-deoxidized steel consisting of what may be 
called Widmanstaetten troostite with a_ noticeable 
amount of proeutectoid ferrite; Fig. 9 the corresponding 
structure of a straight silicon-killed steel consisting ©! 
Bainite; and Fig. 10 a low-aluminum-deoxidized stee! 
(0.5 Ib. Al/ton) containing 0.6 chromium which dis 
plays a still more pronounced Bainite structure. [ht 
behavior of the carbide in the McQuaid-Ehn test ind 
cates to a certain extent the relative general reaction rat 
of like steels, but we do not claim that it expresses a!! the 
factors and their relative potency which influence the 
reaction rate with respect to graphitization. MeQuait- 
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Fig. 10—Picral (1000 x) 


Ehn abnormality and susceptibility to graphitization is 
favored by high carbon diffusivity, by the effect of the 
aluminum in the deoxidation of the steel—be it nuclea- 
tion by suitably dispersed particles of aluminum oxide 
or nitride or the removal from the iron lattice of oxides 
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Fig. 11—Picral (1000 x) 


Fig. 13—Picral (100 x) 


or other compounds of certain elements—and by an 
oxidizing environment. Susceptibility to graphitization 
is also favored by the presence of stress, by cold deforma- 
tion and by the rapid transformation of high-carbon 
austenite as in the contact zone between weld-affected 
and weld-unaffected metal. At the present time, the 
relative potency of these influences is not known. In the 
case of the example described by Mr. Weisberg, the 
balance of the various factors acting for and against 
abnormality and susceptibility to graphitization was 
such as to produce the described slight graphitization. 
Perhaps, some segregation phenomena may also have 
been involved. 

Mr. Weisberg is correct in suspecting that heat treat- 
ment may also affect the graphitization behavior of a 
given steel. We have carried out a number of experi- 
ments which, though they are still being continued, show 
already clearly that susceptibility to graphitization may 
be greatly influenced by various thermal treatments. 
The material employed for these tests consisted of a 
section of one of the pipes at Springdale which, however, 
had never been in service. The individual specimens 
were heat treated with no welding involved and were 
subsequently placed into an oxygen-free lead bath at 
1000° F. After only 1500 hr. we could already observe 
the following trends: 

1. Air cooling from 2200° F. imparted to the steel 
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Fig. 14—Picral (1000 x) 
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maximum resistance to graphitization. A 50% cold 
deformation after this heat treatment also failed to in- 
duce the formation of graphite, Fig. 11. 

2. Air cooling from 1650° F. also rendered the steel 
resistant under the given conditions, but when cold re- 
duced 50°) subsequent to the normalizing at 1650° F., 
the steel began to graphitize slightly. 

54. Slow furnace cooling from 1650° F. failed to in- 
duce graphitization, but when followed by a 50% cold 
reduction, a noticeable amount of graphite was formed, 
Fig. 12. 

4. Slow furnace cooling from 2200° F. rendered the 
steel sensitive to graphitization and resulted in a sub- 
stantial number of large graphite nodules, Figs. 13 and 
14. When followed by a 50° cold deformation, slow 
furnace cooling from 2200° F. resulted in 
nucleation and rate of growth, Figs. 15 and 16. 

5. Reheating to 1400° F. followed by very slow fur- 
nace cooling brought about slight graphitization in steel 
air- or furnace-cooled from 1650° F. and 2200° F., re- 
spectively, which otherwise did not graphitize. How- 
ever, straight furnace cooling from 2200° F. produced 
more and much larger graphite nodules. 

6. Reheating to 1400° F. followed by water quench- 
ing promoted graphite nucleation more than any other 
treatment, except when followed by cold working. 

7. Cold deformation promoted nucleation and rate 
of growth of the nuclei in practically all conditions of 
heat treatment. In the case of the specimen which had 
been slow furnace cooled from 2200° F., then reheated 
to 1400° F. followed by very slow furnace cooling and 
subsequently cold reduced 50%, a substantial amount of 
grain boundary chain graphite was formed, Fig. 17. 

8. The same steel when repeatedly arc-welded in 
form of a circumferential weld on a 1-in. round bar with 
water-cooled core—the steel being in the 1700° F. 
normalized condition—produced beginning chain graph- 
ite formation in the weld-heat-affected zone in 1500 hr. 
as shown in Fig. 18. ; 

These examples will suffice to show that susceptibility 
to graphitization is affected not only by the steel-making 
practice, but also by many subsequent influences. By 
omitting or minimizing the aluminum addition-in the 
deoxidation practice and by slowing down the reaction 
rate of the steel through such measures as increasing its 
manganese content and adding suitable amounts of 
stabilizing elements such as chromium and finally by 
proper heat treatment prior to installation, we should be 
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able to obtain steels which will be resistant to graphitiz, 
tion under the conditions of high-temperature steay. 
plant operation. 

Mr. McQuaid’s discussion of the effect of aluminyy 
in the deoxidation practice upon certain inherent cha; 
acteristics of steel deserves particular attention becayy 
of his wide experience in this field. He considers th, 
strong coalescing tendency of the carbide in the high 
aluminum-deoxidized steels as the first step toward 
graphitization. This tendency of the carbide to coalesey 
is explained to be the result of localized concentrations oj 
sulphides and perhaps also of nitrides and oxides in ste¢| 
containing less than 0.50% manganese and above ap 
proximately 0.015% sulphur when the. aluminum ad¢j- 
tion in the deoxidation practice is between 0.5 and 2.5 Ih 
per ton. The carbon is said to segregate away from 
localized zones of high nonmetallic concentration. Thus 
graphitization seems to be tied up with the non-metallic 
impurities in the steel and with the effect of the aluminum 
addition upon their dispersion and distribution. This 
suggestion deserves serious consideration. We have fre 
quently noted localized graphitization in the vicinity oj 
inclusion segregations and some such observations hav: 
been reported in our paper. Mr. McQuaid’s recom 
mendation to raise the manganese content of the steel 
and lower its sulphur content while minimizing the 
aluminum in the deoxidation practice, in addition to 
introducing a small amount of chromium, merits practi 
cal study. 

Dr. Schwartz, like Mr. Bolton, has confined his dis- 
cussion to steel castings. We cannot agree with him 
when he says that this field has been dismissed rather 
lightly in our paper. As a matter of fact, we have 
pointed out that castings follow the same general rule 
which had been described for the wrought materials, 1.c., 
castings made without aluminum were found resistant 
and those with the customary addition of aluminum in 
the deoxidation practice were found to be sensitive to 
graphitization. It is true that we have observed a 
slight tendency in castings to be somewhat more re- 
sistant than the wrought steels. We ascribe this tend- 
ency to the seemingly greater variations in the degree 
of residual oxidation of the melt prior to the aluminum 
addition in some cases and to the generally higher content 


of manganese plus silicon in castings. The graphitiza 


tion-retarding effect of an increase in the manganese and 
silicon content has also been observed by us in certain 
wrought steels, but we do not believe that sufficient 
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Fig. 17—Picral (1000 x) 


resistance to graphitization can be imparted to an alu 
minum-deoxidized steel by simply raising the manganese 
and silicon content within the permissible limits. Dr. 
Schwartz himself indicates a possible solution in cases 
where the addition of aluminum in the deoxidation 
practice cannot be omitted for economical or technical 
reasons, namely, alloying the steel with a sufficient 
amount of a suitable element as, for instance, chromium, 
which would overcome the graphitization-promoting 
effect of the aluminum addition. * But, it will then be 
the problem of the sponsors of such alloy steels to prove 
their practicability and resistance to graphitization. 

With regard to Mr. Bolton's discussion, we wish to 
point out that we were concerned with carbon and 
carbon-molybdenum steels only and not with alloy steels. 
\Ir. Bolton’s own tests have shown that the aluminum- 
deoxidized carbon and carbon-molybdenum steels graphi- 
ize, While the straight silicon-killed steels do not. We 
lave favored the latter knowing that these steels are 
practical in the forged condition and in castings made 
with dry sand molds. The addition of 0.5°% chromium 
was recommended by us as an extra safeguard. Such 
steels have been made and are in use. 

Mr. Bolton is discussing the problem with respect to 
castings made with green sand molds where the use of 
aluminum in the deoxidation practice is said to be im- 
perative. We do not doubt that alloy castings can be 
made employing aluminum in the deoxidation practice 
which will not graphitize. But, while we agree that the 
necessity for McQuaid-Ehn normality may not exist for 
the type of ‘alloy steels referred by Mr. Bolton, we 
believe that the resistance to graphitization of such steels, 
particularly with respect to variations in the deoxidation 
practice, should be established beyond any doubt before 
they can be accepted in the absence of a test which 
proves their reliability. 

_Mr. Foley’s suggestion that it is the metallic aluminum 
dissolved in the ferrite which causes graphitization, finds 
Support in the fact that, in general, susceptibility to 
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Fig. 18—Picral (1000 x) 


graphitization seems to increase with increasing residual 
metallic aluminum. This explanation may be accepted 
as a fundamental statement. However, there are un 
doubtedly still other factors entering the picture as is 
shown by the fact that we have encountered steels of 
almost identical analysis, including residual metallic 
aluminum, some of which graphitized and some of which 
did not. For instance, in a certain case a carbon-molyb 
denum steel containing 0.012, metallic aluminum failed 
to graphitize, while another quite similar steel with 
0.010% metallic aluminum produced graphite. 

Fluctuations in temperature of the metal in service 
undoubtedly accelerate the rate of graphitization. Mr. 
Foley describes this effect quite clearly. Thus, the fre- 
quently observed presence of very fine and of very coarse 
coalesced carbide particles in the vicinity of graphite 
nodules can be explained by the fact that with rising 
temperature the smaller carbide particles dissolve more 
readily than the coarser particles, while with falling 
temperature part of the carbon in solution in the ferrite 
is precipitated as graphite on existing graphite nodules, 
and another part as carbide on existing carbide particles. 
The growth of the graphite nodules and coalescence of 
the carbide frequently seem to go hand in hand. 

We are pleased to hear from Mr. Foley that the steel 
maker is able to control within narrow limits the char- 
acteristics of steel affected by aluminum deoxidation. 
In conjunction with additional protective measures as, 
for instance, by the alloying of the steel with a suitable 
amount of chromium or similarly acting elements, we 
shall undoubtedly obtain steels which will resist graphi- 
tization under the conditions of present-day high- 
temperature steam-plant operation. 

We feel indebted to Mr. Farnsworth for his discussing 
of the graphitization problem from the standpoint of the 
steel maker. His words should dispel any existing 
doubts that the type of steel which we have suggested 
for high-temperature service is practically and economt- 
cally feasible. 
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P ] 3. What is the effect of using the steel in as-roljey 
ressure eSsSe condition as compared with normalizing? 
4. What effect has the finishing temperature of tj, 


Research steel on its properties? 


5. What are the effects of incidental alloys in +) 


steel? 
O INCREASE the safety, the quality, the service 
life, and to reduce the cost of pressure vessels, the Design 
Welding Research Council has been requested by 
a number of manufacturers, steel makers and users of Failures of welded pressure vessels nearly always star 
pressure vessels to set up a pressure vessel research pro- near attachments or abrupt changes of size or shape 
gram. seldom do they originate in the main seams. This fac 


Fairly recent and serious failures of large field erected, alone is evidence that the so-called “‘factor of safety” js 
welded pressure vessels have raised many questions in the tacitly relied upon to provide for stress concentrations 
minds not only of those directly involved, but, also, of not considered in the ordinary methods of design. Th 
public and of government authorities. conventional ‘“‘maximum working stress’’ is in truth 

Expert study of these failures seems to indicate that merely a factor to use in arriving at the proportions of th 
the best available knowledge of materials, design, fabri- vessel parts, and is only remotely related to the real 
cation and inspection was not always employed. maximum stress 1 service. 

Nevertheless, the phenomena involved are unusually —_The Pressure Vessel Research Committee has as some 
complex and there are many vital questions as yet un- of its objectives improved methods of designing: 
answered. The best experts are still groping. There is 


great need for more quantitative, rationalized knowledge. (a) Manholes and other opening fittings, including 

Thus, there is urgent need for: covers, flanges, gaskets, and reinforcements {or 

cylindrical and spherical shells. 

1. The interpretation, rationalization, correlation and (b) Torispherical, ellipsoidal, hemispherical, conica| 
dissemination of the best information and under- and toriconical heads, including their junctions 
standing now available. with the cylindrical shells. 

2. Thorough investigations, both experimental and (c) Supports for vertical and horizontal vessels with 
theoretical in the following four categories: cylindrical shells, and for spherical vesse’s. 

(a) Materials, as related to their suitability to the (d) Internals such as diaphragms, tray supports, et is 

job in hand, and as affected by the methods of (e) Prestressed solid wall and layer vessels. a 

their production. | 

(b) Safer designs and equal, or greater, economy. Fabrication Prod 

(c) Technique of fabrication. 

(d) Inspection and test of materials, fabrication | 1. Effect of temperature at which materials ar ie 

methods and completed structures. formed, degree of forming. . ra 

2. Difference in procedure and quality produced |» f A 

At the request of the steel makers, fabricators, and SPt™ning and forging heads. = — 
users, the Welding Research Council of the Engineering 3. Stress relieving thermal treatment. There seen 

Foundation has organized a committee, to be known as‘ be a considerable amount of agreement on the value: = 

the Pressure Vessel Research Committee. This com- the present thermal stress relieving treatment required 1 wie 

mittee intends to follow the procedure established by the the Code. However, many authorities claim that th The 

Welding Research Council, namely, to utilize the best Value is derived from elimination of hydrogen an pis: 

available facilities and ablest personnel from industry Other gases, reduction of peak hardness, improvement | wee 

and selected universities. “metallurgical structure, and, perhaps, some value fro: rhe 

During its life the Welding Research Council has de- reduction of residual stresses. It is important to know ance 

veloped a number of research centers, mostly in out- quantitatively exactly how much benefit is derived fron Rew 
standing universities, at which research projects covering each, and why, if possible. nc 
either arts of our field or closely allied thereto have been 4. Effect of prebeating and postheating. at 
carried out. This is an asset which hardly can be over- 5. Study of peening. T 
estimated. Not only are the professors in charge thor- 6. Study of hydrogen embrittlement. bott 
oughly conversant with our fundamental problems, but 7. What is the effect of porosity? the 
special, and sometimes unique, equipment has been de- &. Is there any value to reinforcement? , ~ : 
veloped, as well as special techniques of measurement. oid 
The cost is roughly estimated as $75,000 a year for at Inspection and Testing folle 
least two years—probably three. The financial support HLS 
must come from manufacturers of material for, and The committee will probably give consideration to thr KC 
fabricators and users of, pressure vessels all of whom are following testing methods: thie 
equally interested in safety with economy. By properly tion 
distributing the cost the burden on any one company will |. Hydrostatic or pneumatic testing. nil 
be small. 2. Hammer testing. pe 
Some of the problems which will be investigated in 3. Magnafluxing. ri 
these four fields are indicated below. 4. Radiographing. 
5. Electromagnetic testing. —_ 
6. Supersonic testing. pore 
‘ Trepanning. 
1. What is the difference in properties which may be 8. Proportional limit testing. 
expected through the use of rimmed, semirimmed and 9. Other tests that inspectors might suggest. 
fully killed steels? 10. Other tests that may be found necessary to 1 sur 


2. Is there a difference in the properties of silicon that the requirements established by the «the! 


killed and aluminum killed steels? subcommittees are met in the finished vesse! 
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Investigation of the Final Rinsing 


Op- 


eration in the Chemical Surface Prepara- 


tion of Alclad 245-T for Spot Welding 


By R. A. Wyant,' D. J. Ashcraftt and T. B. Cameron’ 


Summary 


HIS report describes an investigation of the final 

rinsing operation in the chemical surface prepara- 

tion of Alclad 24S-T sheet for spot welding. The 
investigation has been conducted at the Rensselaer 
Polytechnic Institute under the sponsorship of the Office 
of Production Research and Development of the War 
Production Board. This work has been a continuation 
if the aircraft spot-welding, research program which was 
riginally sponsored by the N.A.C.A., the Naval Bureau 
of Aeronautics and the Army Air Forces, at the above 
Institute. 

The investigation has consisted essentially of a series of 
experiments to determine the effects of time, tempera- 
ture and composition of water in rinsing Alclad 24S-T 
sheet following its surface preparation for spot welding. 
lhe results show that a reaction sometimes occurs be 
tween the surface of the metal and the final rinse water. 
lhe effect of the reaction is to raise the contact resist- 
ince of the sheet. A high contact resistance can be ex- 
pected to cause poor electrode-tip life and welds of 
irregular shape. When the reaction occurs, the contact 
resistance increases rapidly with increasing rinse time 
ind water temperature. 

The occurrence and rate of the reaction depend upon 
both the composition of the surface treating solution and 
the composition of the rinse water. While very little is 
known about the effect of composition of the treating 
solution in this respect, the reaction has been observed 
lollowing the treatment of Alclad 24S-T in a solution of 
H,SiFs. The same solution with a small addition of 
KoCr,O; tends to passivate the surface of the metal, 
thus retarding reaction with the rinse water. The reac- 
tion can occur in ordinary distilled water which has ab- 
sorbed carbon dioxide from the atmosphere, and in 
listilled water to which appreciable amounts of HCO;~, 
and NO,~ ions have been added. The con- 
entrations of HCO;~ and Cl~ ions appear to be im 
portant in determining how a rinse water will act. 

The reaction can be prevented in the bad waters by 
the addition of enough H»SO, to reduce the pH of the 
vater to about 3.0. A pH of 4.0 is satisfactory for most 
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nitrate-heat-treated sheet but air-heat-treated sheet re- 
quires a greater degree of acidity. Reduction of the pH 
is especially important when the water is to be used hot. 

The reaction can be retarded by the carry-over of acid 
from the treating bath into the rinse water. In other 
words, a certain amount of carry-over from the acid 
treating bath may sometimes be beneficial. In those 
cases where rinsing operations are responsible for the 
type of trouble described in this report, the obvious 
remedies are reductions in rinse time, water flow and 
water temperature, and, in extreme cases, control of the 
pH. 


Introduction 


At a number of aircraft plants trouble has been 
attributed to the final rinsing operation in the chemical 
surface preparation of Alclad 24S-T sheet for spot weld- 
ing. The purpose of this investigation was to determine 
the effect of different rinse waters and rinsing techniques 
on the final surface condition of the sheet. 

This is the fourth report from this laboratory dealing 
with the surface treatment of aluminum alloys prior to 
spot welding. The three preceding reports appeared in a 
series of progress reports on research conducted for the 
N.A.C.A. and other agencies. The first report intro- 
duced the contact resistance measurement as an indi 
cator of the weldability of an aluminum surface, and 
showed the critical nature of some chemical solutions.’ 
The second report presented treating characteristics for a 
large number of hot chemical solutions for removing or 
transforming the surface films on aluminum alloy sheet.* 
This report also described some limited work with pre- 
cleaning solutions for removing oil films, grease, paint, 
etc., from the surface of the metal. The third report pre- 
sented treating characteristics for a number of cold solu- 
tions, and it described the development of the hydro 
fluosilicic acid solution, which has proved to be a very 
efficient and economical solution for treating Alclad 
24S-T sheet at room temperature.* Throughout this 
previous work the emphasis was on the actual surface 
treatment to remove or transform the oxide film. Follow- 
ing this treatment the specimens were usually given a 
quick rinse in distilled water. This procedure was not 
comparable to the rinsing technique employed in the 
present investigation. 
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The scope of the present investigation has been limited 
in several respects. The rinse waters have included dis- 
tilled water, local tap water and several waters which 
were artificially prepared to simulate typical industrial 
waters. The aluminum alloy material included Alclad 
24S-T in both the air-heat-treated and nitrate-heat- 
treated types in thicknesses of 0.020, 0.040 and 0.064 in. 
Prior to rinsing the specimens were precleaned in acetone 
followed by trichlorethylene vapor, and then treated for 
the optimum time in a solution of hydrofluosilicie acid. 
The effect of composition of the acid treating solution was 
briefly studied. Electrical contact resistance measure- 
ments were used to evaluate the effects of the different 
rinse waters. 


Apparatus 


The only special apparatus for this investigation con- 
sisted of a small press fitted with insulated copper elec- 
trodes and a suitable bridge circuit for measuring the 
electrical contact resistance between pairs of specimens. 
This equipment has been fully described in previous re- 
ports from this laboratory.** 


Procedure 


The investigation was conducted using Alclad 24S-T 
specimens cut from both air-heat-treated and nitrate- 
heat-treated sheet in thicknesses of 0.020, 0.040 and 
0.064 in. The general procedure consisted of subjecting 
specimens to the following operations: 


1. Precleaning. 

2. Treating. 

Quick rinse. 

Rinse in test water. 


HOT 
ALKALINE 
DEGRE ASE 


EXPERIMENTAL SCHEDULE 


5. Drying. 
6. Measurement of contact resistance. 


This procedure is illustrated in Fig. 1. The precleanj, 
ordinarily consisted of an acetone wash to remove ideny, 
fication paint, followed by degreasing in trichlorethyley, 
vapor. The hot alkaline degreasing solution was op) 
used for special purposes. 

The specimens were surface treated in a solution oj 
hydrofluosilicic acid because this solution has eo, 
sistently given satisfactory results at this laboratory 
because it has proved to be a very efficient and ey 
nomical solution in a number of production install, 
tions.*.* The solution contained 3% by volume of 28 
H2SiF, and 0.1% by weight of Nacconol NR wett 
agent. 

Following the surface treatment the specimens wer 
very quickly rinsed in distilled water to minimize the 
contamination of the water under test by carry-over 
from the acid treating solution. This operation consiste; 
of quickly immersing and withdrawing the specime: 
three times. The specimens were then immediate 
transferred to soak in the rinse water under test. 

In the test water it was desired to determine the effec: 
of time of immersion and water temperature on the final 
surface condition of the specimens. Therefore, specimen: 
were soaked in each test water for different periods oj 
time and at different temperatures. There was no agi 
tation of the test water in any case. The composition. 
the test waters is fully discussed later in the report. 

The specimens were dried in clean air after their x 
moval from the test water. Specimens, such as thes 
must not be dried by wiping because it tends to produc 
high and inconsistent values of contact resistance. 

Electrical contact resistance. measurements wer 
adopted as the means for evaluating the effect of thy 
different waters and techniques on the final surface con 
dition of the specimens. These measurements wer 
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Table 1—Types of Rinse Waters Investigated 


Type of Water 
Distilled water 
Distilled water + 500 ppm. Cl 
Distilled water + 500 ppm. HCO, 
Distilled water + 500 ppm. SO,” 
Distilled water + 15 ppm. NO; 
Distilled water + 500 ppm. HCO,;~ + 500 ppm. Cl 
, Distilled water + 500 ppm. HCO,;~ + 500 ppm. SO,” 
q Distilled water + 500 ppm. HCO;~ + 15 ppm. NO, 
Troy tap water 


adopted because previous research and production ex- 
yerience had shown that such measurements are a good 
criterion of when the surface of aluminum alloy sheet is 
satisfactory for spot welding.'~® This contact resist- 
ince is measured by clamping the specimens between 
two copper electrodes and determining the sheet-to-sheet 
resistance by a standard method for measuring low 
values of resistance. Poor electrode tip life, welds of 
irregular shape, and expulsion of metal are to be expected 
when the contact resistance is high. Good tip life, uni- 
form welds and freedom from expulsion are to be ex- 
pected when the contact resistance is low, or less than 
about 75 microhms when measured with electrodes hav- 
ing spherical faces, 4 in. in radius of curvature, and with 
in electrode force of 1000 Ib. It should be understood 
that this value of contact resistance has been arbitrarily 
selected. Resistance values under 25 microhms are fre- 
juently obtained in the laboratory with good surface 
preparation. At the other extreme, it is doubtful if the 
best surface condition is obtained when the resistance 
values are much in excess of 150 microhms. In this re- 
port every value of contact resistance represents the 
erage of a total of ten measurements on two pairs of 
specimens, 


Rinse Waters Investigated 


An examination of data on typical industrial waters for 
different sections of the country indicated that the effects 
of Cl-, NO;~ and HCO,;> ions should be investi- 
gated individually and in combination.’ Therefore, a 
number of waters were artificially prepared by adding 
the sodium salts containing these ions to distilled water, 
is Shown in Table 1. The concentrations were chosen 
so as to be slightly in excess of the maximum which 
might be found in any natural industrial water. Dis- 
tilled water without any additions and local Troy tap 
water were also investigated. 

Typical analyses of the local tap water and waters 
used for rinsing at several aircraft plants are shown in 
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tensively used at one aircraft plant for the rinsing 
operation without any evidence of trouble. Type B is 
typical of the local Troy tap water. Types C, D and E 
represent waters at two other aircraft plants where the 
final rinsing operation has been suspected of causing 
trouble, but where the proof has been inadequate. The 
relatively high bicarbonate ion content in the last three 
waters should be noted. 


Results 
Rinsing Time 


Using the procedure described above, the effect of 
time of immersion in the different waters at room tem- 
perature was first studied. The results obtained with 


Table 2—Analyses of Waters Reported to the R.P.I. Welding 


Laboratory 
A B Cc D E 
Lancaster, Troy, Cleveland, Litchfield Park, 
Analysis ra Ohio Ariz 

SiO, 3.5 1.6 33.0 17.6 
0.7 0.016 
Fet* and Al*t* 2.5 1.2 
Al,O; 4.0 
Cat? 35.0 35.4 
Mg** 10.3 9.2 
Na,O 5.6 
K.O 1.2 
HCO; 83.0 192.0 150.0 
SO," 19.9 25.2 19.8 23.0 
Cl 6.8 18.0 1.0 15.0 
Free Cl 0.48 
) 
NO 2.2 
CO. t.0 
0 0) () 
Hardness 47.6 
Total solids = 161.6 250.0 300.0 
Loss on ignition - 23.2 
Turbidity 5.8 
pH 6.9-7.0 7.0 7.10 7.92 
Alkalinity 35.4 


Alclad 24S-T (0.020-in., nitrate-heat-treated) specimens 
are presented in Table 3. In all cases the contact re- 
sistance was very low when the specimens were dried 
and tested immediately following the initial quick rinse. 
With the exception of waters No. 4, No. 5 and No. 9, 
the contact resistance increased rapidly with immersion 
time in the test water. Waters containing either Cl~ or 
HCO,;~ ions were especially reactive. 

It should be noted that the effect was very pronounced 
in the ordinary distilled water used in this laboratory. 
This water contains dissolved carbon dioxide and, 1s 
slightly acid in reaction. Subsequent experiments have 
shown that neutral distilled water, from which carbon 


Table 2. Type A is typical of water which has been ex- dioxide has been removed by boiling, does not cause a 
Table 3—Effect of Time in Rinsing Alclad 24S-T Sheet (0.020-In., Nitrate-Heat-Treated 
Water — Contact Resistance in Microhms 
: Water Under Test ~ Temp., Rinse Time in Minutes 
NO Composition pH 1 2 4 8 16 32 
l Distilled water (H,O) 6.07 75 6 54 178 232 557 210 O70 1100 
2 HO + 500 ppm. Cl- 6.14 75 7 540 838 >1100 >1100 >1100 
0 H,O + 500 ppm. HCO; 9.64 68 5 76 170 124 548 621 >1100 > 1100 
4 H,0 + 500 ppm. SO, 5.72 75 7 39 76 74 154 200 273 668 
) H,O + 15 ppm. NO, 6.68 63 4 28 28 32 96 79 211 >1100 
0 H,O + 500 ppm. HCO;~ + 500 ppm. ClI- 7.70 75 5 134 224 650 >1100 >1100 
7 HO + 500 ppm. HCO;- + 500 ppm. SO,” 8.038 72 4 226 235 342 596 302 753 >1104 
8  H,O + 500 ppm. HCO;- + 15 ppm. NO,~ 9.42 ‘66 7 2 114 224 459 160 655 >1100 
9 Troy tap water 7.75 70 9 22 37 59 45 gu 65 151 
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~——Water Under Test 


No. Composition pH 
1 Distilled water (H,O) 5.50 
2 H,O + 500 ppm. Cl- - 
3 H,O + 500 ppm. HCO;~ 9.64 
4 H:,O + 500 ppm. SO, 5.96 
5 H,O + 15 ppm. NO;~ 6.68 
6 H,0O + 500 ppm. HCO,;~ + 500 ppm. CI- 7.74 
7 H.O + 500 ppm. HCO;~— + 500 ppm. SO,~ 7.96 
8 H,0 + 500 ppm. HCO;~ + 15 ppm. NO;~ 9.36 
9 Troy tap water 7.87 


rise in contact resistance even after prolonged immersion. 

The reactivity of ordinary distilled water was surpris- 
ing because in previous work specimens had been with- 
drawn from a treating solution and directly soaked for a 
long time in a beaker of distilled water without any 


apparent effect. This suggested that in the latter pro- 
cedure enough acid had been carried over from the treat- 
ing solution by the specimens to protect them in the dis- 
tilled water. This was confirmed by measuring the pH 
of the quick-rinse bath in the present investigation. 
Starting at a little over 6.0 the pH quickly fell to about 
4.0 and tended to remain at this value after the first few 
specimens had been rinsed. 


Table 4—Effect of Ternperature in Rinsing Alclad 24S-T Sheet (0.020-In., Nitrate-Heat-Treated) 


Rinse Contact Resistance in Microhnis 

Time, Temperature of Water in ° F. 

Min. 80 100 120 140 160 
1 199 96 212 430 347 
l 146 287 496 792 >1100 
1 16 22 112 201 368 
1 30 50 105 111 280 
1 238 §22 >1100 >1100 
1 511 1100 >1100 
1 142 226 418 >1100 >1100 
1 23 33 74 103 108 


justed to approximately 4.0 by the addition of a smal} 
The effect of rinse time in these ad 
justed waters is illustrated by the data in Table 5. 


amount of HeSik’s. 


the exception of those containing HCO; 


contact resistance. 


Wit! 


ions, the ad 
justed waters had practically no tendency to raise th 
The effect of temperature of water 


with pH values of approximately 4.0 was next invest; 


gated and the results are presented in Table 6. 
Table 6 is compared with Table 4, it is readily apparen 


Wher 


that with the exception of the waters containing HCO 


ions, the effect of temperature was much less pronounced 


in the adjusted waters. 


The above experiments indicated that pH adjustment 


Table 5—Effect of Rinse Time in Water with pH Adjusted by Addition of H,SiF, 


—————Water Under Test- 


Composition pH 
1 Distilled water (H,O) 4.07 
2 H:,0 + 500 ppm. Cl- 3.58 
3 H,0 + 500 ppm. HCO,;~ 3.92 
4 H.O + 500 ppm. SO,” 3.71 
5 H,0 + 15 ppm. NO;~ 3.72 
6 H,O + 500 ppm. HCO;~ + 500 ppm. Cl 3.92 
7 H.O + 500 ppm. HCO;~ + 500 ppm. SO, 4.4] 
8 H.0 + 500 ppm. HCO;~ + 15 ppm. NO; 4.08 
9 Troy tap water 4.02 


Temperature of Rinse 


The effect of rinse-water temperature on contact re- 
sistance was next investigated keeping the rinse time con- 
stant at one minute. The results are presented in Table 
4. In all water with the exception of the Troy tap water, 
the contact resistance increased rapidly with increasing 
water temperature. 


pH Adjustment using H,SiF; 


Since the above observations had indicated that a cer- 
tain amount of carry-over from the acid treating bath into 
the rinse water might be beneficial, an experiment was 
conducted in which the pH of the rinse waters was ad- 


—Water Under Test 


No. Composition pH 
1 Distilled water (H,O) _3. 86 
2 H,0 + 500 ppm. Cl- 3.72 
3 H.O + 500 ppm. HCO,;— 4.04 
4 H,0 + 500 ppm. SO, . 3.67 
5 H.O + 15 ppm. NO;~ 3.72 
6 H2O + 500 ppm. HCO;~ + 500 ppm. Cl- 4.02 
tf H,O + 500 ppm. HCO,~ + 500 ppm. SO,” 4.41 
8 H,0 + 500 ppm. HCO;~ + 15 ppm. NO;— 4.08 
9 Troy tap water 4.00 
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Water 

Temp., 
0 1/, 
75 6 7 
72 } 4 
73 5 8 
76 4 4 
70 4 4 
70 5 1382 
76 5 40 
70 4 6 
70 10 Ss 


HCO;7 ions. 


Rinse Time in Minutes 


] 2 4 Ss 
8 7 
5 8 6 8 
15 17 20 22 
5 6 7 & 
5 Ss 8 5 
93 222 315 1100 
8&9 139 54 52 
8 16 54 112 
9 11 Ss 6 


Contact Resistance in Microhms 


of the rinse waters by the addition of H2SiF, was ver 
beneficial in all cases except in those waters containing 
In such HCO,;~-containing waters ther 


was some reaction between the specimen and the ad 


justed water as evidenced by the evolution of gas. [1 


was thought that the relatively large amount of H)Sil\ 
required to reduce the pH of these alkaline waters to 4. 


was releasing enough fluoride ions into the solution, 
SiF.s~ ion hydrolysis, to promote attack on the specime! 
The next step in the investigation consiste 


surfaces. 


of trying different acids, including H,SO,, NaHs0, 
HNO; and HCl, for adjusting the pH of distilled water 
The results are presented in Table 7 which shows that 
these acids were equally effective at a pH of approx 
mately 4.0. 


Rinse — 

Time, 

Min. 80 100 
1 7 10 
1 7 10 
1 26 84 
1 § 6 
1 5 6 
1 111 88 
1 68 208 
H 24 47 
1 8 8 


120 140 
19 25 
19 22 
90 158 
9 15 
8 8 
475 > 1100 >1 
646 > 1100 >1 
58 39 
11 9 


Contact Resistance in Microhms 
Temperature of Water in ° F. 
160 
29 
27 
239 
21 


14 


SURFACE RESISTANCE IN MICROHMS 


Table 


Addit 


None 
H,Sil 
NaH 
HCl 
HN( 


Add 
to D 


400 
16 32 
10 
7 10 
30 1100 
8 
68 107 
139 
Dist: 
: No 
Na 
HC 
H} 
Table 6—Effect of Temperature of Rinse Water with pH Adjusted by the Addition of H,SiF;, 
— 
15 
LOO 
100 
79 
17 
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SURFACE RESISTANCE IN MICROHMS 


SURFACE RESISTANCE vs TEMPERATURE OF 
(MITRATE 
Q.020" ALCLAD 248-T 


TimE OF RINSE © ONE MINUTE 


RINSE ~ DISTILLED WATER 


IN 


SURFACE RESISTANCE 


° 
| pH ADJUSTED TO 3.76 A pH ADJUSTED TO 3.75 
BY ADDING BY ADDING 
° a 16 20 24 26 32 80 100 20 140 160 200 


TiME OF RINSE IN MINUTES 
Fig. 2 


Table 7—Effect of Using Different Acids for Controlling the 
pH of the Rinse Water 


Additions 
to Water —-Contact Resistance in Microhms— 


TEMPERATURE OF RINSE IN °F 
Fig. 3 


pH Adjustment Using 


As a result of the latter experiments, it was decided to 
try adding H2SO, to the waters containing HCO,;~ ions 
which could not be satisfactorily corrected by the addi- 
tion of H,SiFs. The results are shown in Tables 8 and 9. 


“arr — In these HzSO,-adjusted waters, time and temperature of 
07 75 6 54 178 939 557 210 1300 rinsing had practically no effect on the contact resist- 
WSF, 407 7667 #8 7 #7 8 10 13. ance. The results for distilled water are graphically 
HSO, 3.75 72 4 8 7 11 16 10 18 29 shown in Figs. 2 and 3. Similar results for water No. 6 
NaHSO, 4.08 72 5 5 8 7 10 7 7 10 containing HCO;~ and Cl~ ions are shown in Figs. 4 
9 10 and 5. The above results clearly indicated that it was 
“" better to control the pH of the rinse water by additions 
Additions Rinse —Contact Resistance in Microhms— Of H2SO, than by additions of H2SiFs. 
to Distillec Time Te ars le in’ F 
Water. pH Min’ 80 120 160 180 6effect of Varying 
199 429 The relationship between contact resistance and the 
H.SO, 375 - 9 15. PHof the rinse water was next investigated with the rinse 
NaHSO, 4.03 g 8 12 47 time held constant at four minutes. The results are 
HCl 4.04 1 9 8 16 2 16 30 shown in Fig. 6 for distilled water adjusted with H2SO,, 
HNO, 3.87 l 8 oll 2300-2300 3200 30s and in Fig. 7 for distilled water plus 500 ppm. Cl~ ad 
justed with H,SO,. These figures show that a pH of 4.0 
Table 8—Effect of Rinse Time in Water with pH Adjusted by Addition of H,SO, 
Water Contact Resistance in Microhms 
Water Under Test- Temp., Rinse Time in Minutes 
No Composition pH F. 2 8 16 32 
l Distilled water (H,O) 3.75 72 4 8 7 11 16 10 18 22 
3 H,O + 500 ppm. HCO, 3.52 76 5 6 i2 10 
6 H,O + 500 ppm. HCO,;~ + 500 ppm. Cl- 3.93 77 5 6 7 8 6 7 8 1] 
H,O + 500 ppm. HCO,” + 500 ppm, SO, 3.95 74 7) 5 6 6 7 6 9 8 
8 H,O + 500 ppm. HCO,” + 15 ppm. NO, +. 02 77 4 5 5 5 6 7 
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Water Under Test 


No. Composition pH 
1 Distilled Water (HO) 3.75 
3 + 500 ppm. 3.52 
6 H,0 + 500 ppm. HCO,;~ + 500 ppm. Cl- 3.93- 
7 H;,0 + 500 ppm. HCO;~ + 500 ppm. SO,~ 3.95 
8 H,0 + 500 ppm. HCO;~ + 15 ppm. NO;~ 4.02 


Table 10—Effect of pH and Rinse Time on the Contact Resistance of Air-heat-treated Alclad 24S-T, 0.020 In. in Thickness 


Water 

No. Additions to Distilled Water 
la None 
1b Adjusted with H.SO, 
6a 500 ppm. HCO;- + 500 ppm. Cl- 
66 500 ppm. HCO;~ + 500 ppm. Cl~ (adjusted with H,SO,) 
6¢ 500 ppm. HCO,~ + 500 ppm. ClI- (adjusted with H,SO,) 


was a fortunate choice in the earlier work. There was no 
apparent reaction between the specimens and the rinse 
water until the pH was reduced to less than 1.0. Figures 
8 and 9 show the effect of pH in distilled water plus 500 
ppm. HCO;~ adjusted with H,SO,, and in distilled water 
plus 500 ppm. HCO;~ plus 500 ppm. Cl~ adjusted with 
H2SO,. The curves in these figures exhibit some interest- 
ing irregularities between a pH of 4.0 and of 2.0. In all 
of these cases, a water having a pH of approximately 4.0 
or below gave satisfactory rinsing results. 


Air-heat-treated Stock 


Up to this point in the investigation all of the work had 
been done using Alclad 24S-T, 0.020-in. stock which had 
been heat treated in a nitrate bath. Previous research 
has shown that stock which has been heat treated in an 
air furnace reacts more quickly and vigorously with the 
acid treating solution than stock which has been heat 
treated in a nitrate bath. Therefore, the next step was to 
determine how air-heat-treated sheet is affected by the 
different rinse waters. The results are presented in 
Table 10 for 0.020-in. material. In plain distilled water 
(No. la), the specimens behaved practically the same as 
nitrate-heat-treated specimens. The same thing was 
true in water containing HCO;~ and Cl~ ions (No. 6a). 
When the pH of these waters was reduced to about 3.8 
by the addition of H»SO,, however, the contact resistance 
still increased as the rinse time was increased. This 


Table 11—Data on the Rinsing of Alclad 24S-T in the 0.040-In. Gage 


Water 

Additions to Type of Temp., 

Rinse Water Heat Treatment pH a A 0 
None Air furnace 7.86 70 22 
H,SO, Air furnace 3.12 72 6 
None Nitrate bath 7.86 68 3 

Nitrate bath 3.87 70 4 


H:SO, 


Table 12—Data on the Rinsing of Alclad 24S-T in the 0.064-In. Gage 


Water 

Additions to Type of . Temp., 

Rinse Water Heat Treatment pH ~ 3s 0 
None Air furnace 8.12 68 12 
H:SO, Air furnace 3.04 72 8 
None Nitrate bath 8.12 70 5 
H;3SO, Nitrate bath 3.90 70 3 
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Temp., Rinse Time in Minutes 
pH 0 1 2 4 s 16 32 
7.25 70 9 44 74 179 391 484 612 >1100 
3.75 70 8 28 54 92 27 131 175 250 
7.83 70 8 136 338 616 954 >1100 >1100 >1109 
3.82 70 8 142 240 1100 >1100 >1100 >1100 >1100 
2. 70 8 10 


WELDING RESEARCH SUPPLEMENT 


Rinse —Contact Resistance in Microhms 

Time, Temperature of Water in ° F. 

Min. 80 100 120 140 160 18) 
1 7 9 10 18 15 19 
1 10 10 10 11 16 29 
1 9 13 13 15 20 30 
l 10 10 1] 15 
l 7 10 11 12 16 4) 


Water -—— Contact Resistance in Microhms 


10 12 16 14 17 19 


indicated that air-heat-treated stock might require a 
greater acidity in the rinse water than the nitrate-heat- 
treated stock. Therefore, enough H2SO,4 was added to 
water containing HCO,;~ and Cl~ ions (No. 6c) to reduce 
its pH to 2.8. In this water the contact resistance was 
not affected by rinse time, as shown in Table 10. The 
relationship between the pH of the water and contact 
resistance after rinsing air-heat-treated stock was next 
investigated more thoroughly. The results are shown 
in Fig. 10 which confirms the above observation that a 
more acid rinse water is needed for this material. When 
a pH of about 4.0 is satisfactory for nitrate-heat-treated 
stock, a pH of about 3.0 is required for the air-heat- 
treated stock. 


0.040 and 0.064-In. Stock 


Since all of the previous results had been obtained with 
sheet 0.020 in. in thickness, the effect of gage was next 
investigated. The results for 0.040- and 0.064-in. ma- 
terial are shown in Tables 11 and 12. It will be noted 
that these results fully confirm the observations made on 
the 0.020-in. material. 


Additions to the Treating Bath 


A few brief experiments indicate that composition | 
the acid treating bath is also an important factor in de 
termining how Alclad 24S-T sheet will be affected by the 
final rinse. Since the chromates are noted for their pe- 


Contact Resistance in Microhms—- 
Rinse Time in Minutes 


1/4 1 2 4 8 16 

214 305 796 >1100 >1100 >1100 > Lv 
+) 10 13 14 t 17 
15 29 100 165 166 > 1100 >1 
6 7 6 6 6 6 


————Contact Resistance in Microhms 
Rinse Time in Minutes 
1/, 1 2 4 8 16 


108 110 263 634 414 > 1100 >11 
9 9 22 34 53 25 iS 
31 74 163 380 652 > 1100 >1 
4 6 4 5 6 5 
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culiar passivating action on metallic surfaces, a small 
amount of KgCrzO; was added to the treating 
solution and the basic rinsing experiment was repeated. 
The results are shown in Fig. 11. The effect of the 
K.Cr,07 was to provide substantial protection for the 
treated specimens in bad rinse water. However, the pro- 
tection was not as complete as when the pH of the rinse 
water was reduced to the proper value by the addition of 
H.SO,. The effect of the K,Cr,O; practically disappeared 
when the temperature of the rinse water was increased 
above room temperature. This experience indicates 
that the effect of rinse water in raising the contact re- 
sistance may vary with the different surface-treating solu- 
tions that are in common use at the aircraft plants. 
Practical Signtficance 

The practical significance of this work is obvious. In 
those situations where rinse water does cause the type of 
trouble discussed in this report, the time of rinse should 
be kept at a minimum and in some instances the flow of 
rinse water should be reduced. In extreme cases the pH 
of the rinse bath can be automatically controlled. The 
results indicate that control of pH is probably most im- 
portant when a hot final rinse is employed. 

The rinse waters most likely to cause trouble are those 
containing high concentrations of Cl~ or HCO;~. In 
practice, this would mean that difficulties are likely to be 
experienced with waters having a high total alkalinity, 
since the alkalinity is a measure of the HCO;~ and CO;~ 
ion concentration. In waters where Ca++ and Mg** 
are the principal metal ions present, the difference be- 
tween the hardness and the alkalinity is a rough measure 
of the total concentration of Cl~, SO," and NQ,>~ ions, 
and might be a useful criterion 

The effect of composition of the acid treating bath on 
reactions in the rinse water is definitely a subject for 
further research. Likewise, the relationship between 
contact resistance and electrode tip life should be more 
thoroughly investigated. 


Conclusions 


The following conclusions have been reached with due 
regard to the limitations of this investigation: 

1. A reaction sometimes occurs between the freshly 
treated surface of Alclad 24S-T sheet and the final rinse 
water employed in preparing the sheet chemically for 
spot welding. The effect is to raise the contact resistance 


of the treated sheet. A high contact resistance can be 
expected to cause poor electrode-tip life, irregular welds 
and other difficulties associated with faulty surface 
preparation. 

2. When the reaction occurs, the contact resistance 
increases rapidly with increasing rinse time and water 
temperature. The rate of the reaction depends upon both 
the composition of the surface-treating solution and the 
composition of the rinse water. 

3. While very little is known about the effect of com- 
position of the treating solution in this respect, the reac- 
tion has been observed following the treatment of 
Alclad 24S-T in a solution of H.SiFs. The same solution 
with a small addition of K,Cr,O; tends to passivate the 
surface of the metal, thus retarding reaction with the 
rinse water. 

4. The reaction can occur in ordinary distilled water 
and in distilled water to which appreciable amounts of 
HCO;-, Cl-, SO," and NO;~ ions have been added. 
The concentrations of Cl~ and HCO,;~ ions appear to be 
most important in determining how a rinse water will act. 

5. The reaction can be prevented in the bad waters 
by the addition of enough H2SO, to reduce the pH of the 
water to about 3.0. A pH of 4.0 is satisfactory for most 
nitrate-heat-treated sheet but air-heat-treated sheet re- 
quires a greater degree of acidity. Reduction of the pH is 
especially important when the water is to be used hot. 
The same effect is sometimes obtained by carry-over of 
acid from the treating bath into the rinse water. 

6. In those cases where rinsing operations are re- 
sponsible for the type of trouble described in this report, 
the obvious remedies are reductions in rinse time, water 
flow and water temperature, and, in extreme cases, con- 
trol of the pH. 
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Arc Welding of Rail Steel 


By C. B. Haynest, William H. Graftt and Raymond G. Spencer? 


PPLICATION of the common welding methods 
to rail steel has been investigated at Armour 
Research Foundation at the instance of the Rail 

Steel Bar Association, and some of the information ob- 
tained on are welding is published in this article through 
the courtesy of that association. 

Bars and shapes are produced from selected railroad 
rails of re-rolling quality. Such bars and shapes are 
used in many markets, such as for agricultural equip- 
ment, in the bedding industry, for fence posts and for 
concrete reinforcing bars. The rails are heated to the 


* Reprinted from Metal Progress, May 1945. 
_T Metallurgist, Assistant Metallurgist, and Chairman, Metals Research, 
Respectively, Armour Research Foundation, Chicago, II. 


proper temperature, de-scaled with water spray and 
passed through slitting rolls which separate them into 
three elements, the head, web and flange. Each ele- 
ment then passes to appropriate rolls where it receives 
the necessary number of passes to reduce it to the de 
sired cross section. Rolling temperature is such that 
the finishing temperature is low enough to insure a rela- 
tively fine-grained product. The stock is usually air 
cooled, resulting in a microstructure combining high 
yield strength with satisfactory ductility. 

Due to the limiting cross section of the original rail 
element and the reduction necessary to form the desired 
shape, rail steel products are light in section, ranging 
below 5 Ib. per linear foot; gages of the angles, flats 
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and other sections are mostly down to 7/g,in. These 
standardized light sections are a distinct advantage from 
the standpoint of arc welding, making the process feasi- 
ble for rail steel where it might not be for similar high- 
carbon steels of heavier section. 

Carbon content varies with weight of the original rail 
but the analysis usually falls within the following limits: 


= Mn Si S P 
Maximum 0.90 0.90 0.30 0.05 0.04 
Minimum 0:35 0:55 0:20 


By selecting rails according to weight, the carbon com- 
position can be held within fairly close limits. 

The welding of rail steel, then, is the welding of plain 
carbon steels of analysis varying from the conventional 
limit of weldability without special precautions, up to 
hyper-eutectoid analysis. 

The value of preheating the steel and of stress relieving 
the weldments has been proved by past research on dif- 
ficulty weldable steels. However, these operations are 
time-consuming, expensive and sometimes impractical. 
The object of the study now being reported was to ob- 
tain the highest quality of are weld possible without the 
aid of preheat or stress relief. 

As far as the carbon content is concerned, hardenabil- 
ity increases with increasing carbon content to a maxi- 
mum at the eutectoid composition. Consequently, any 
procedure that would successfully weld eutectoid rail 
steel should also be successful on any other rail steel 
composition, provided the manganese and other chemical 
elements remained about the same. Reference to the 
composition limits quoted above will indicate the prob- 
able variations to be expected. For this reason, the lots 
of rail steel chosen for arc-welding tests were practically 
of eutectoid composition. 

The welds were tested statically and under dynamic 
loading. Bar specimens for static tensile testing (Fig. 
1) were prepared transverse to the weld with the joint 
at the mid-section of the throat of the specimen. Speci- 
mens were machined and carefully finished to avoid over- 
heating the surface during the finishing operation. 

The usual notched-bar impact tests are not desirable 
for transverse testing of weldments under dynamic 
loading, because the position of the notch predetermines 
the point of break, and for transverse testing, the speci- 
men should be free to break at the weakest point without 
prejudice. Consequently we used tensile impact tests 
on bars machined as shown in Fig. 2 

The chemical analyses and physical properties of the 
rail steels used for weld tests are givenin Table 1. These 
physical properties were also determined on test bars 
prepared from unwelded stock, and dimensioned 
shown in Figs. | and 2. 

A preliminary series of bead-weld tests were made to 
determine the microstructure in the heat-affected zone 
resulting from different heat-input rates. ‘These beads 
were laid with automatic equipment lengthwise on 10 x 
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Fig. 1 


Figs. 1 and 2 -Static Tensile and Tensile Impact Bars 
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x '/s-in. rail steel flats, analyzing 0.73% C, 0.8007 
Mn and 0.03%:S. Cross sections for micrographs wer 
made 5 in. from the starting end of the bead. Heat jy 
put was varied from 4800 to 11,000 joules per inch oj 
bead. Martensite was very much in evidence jn the 
heat-affected zone at low heat inputs, and dis: appeared : 
above 7500 joules per inch. At 11,000 joules per ing 
the heat-affected structure was pearlitic, matching very 
closely that of the rail steel, as rolled. 

Heat-affected structures near the fusion zone from the 
above series of bead welds at 5000, 7500 and 11,000 joules 
per inch of bead are shown in Figs. 3, 4 and 5 
tively. These sections were etched with 4°; 
martensite appears as white areas. 

Bead-bend tests were made of similar samples, wherein 
the beads were machined flush with the plate surfac 
A 1|'/s-in. strip, with the bead remnant along the center 
line, was bent in a standard jig so the maximum fiber 
stress was parallel to the bead direction and on the m: 
chined bead surface. In these tests, bead ductilities 
improved with increase in heat input rate up to 11,00) 
joules per inch of bead. For higher heat inputs ther 
seemed to be a slight reduction in the maximum angle of 
bend; this was attributed to increase in grain size in the 
heat-affected zone. 

These preliminary tests indicated that a satisfactory 
heat input rate for are welding this steel was 11,000 joules 
per inch of bead on '/s-in. material. Figured back to thi 
unit area of metal conducting heat away from a continu 
ous bead, this value is 11,000 x 4 = 44,000 joules per 
square inch. 

Although this value is an optimum heat input for 
welds in this steel, the effects of higher heats are less 
serious than those of allowing the heat to drop below this 
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optimum. Heat inputs for the welded joints later to b 
tested in tension and impact were based on the above 
optimum heat of 44,000 joules per square inch. It was 


frequently necessary to exceed this rate with some weld 
rods and in some types of joints to insure proper penetra 
tion and bead contour. 

Test welds were made by hand, because equipment 
was not available for weaving the passes with automat« 
control. Also it was believed that the hand welds, whi 
admittedly having poorer experimental control than th 
automatic welds, had a certain advantage from the prac 
tical standpoint because they illustrated what it was 
possible to do with manual control. Our welder had had 
comparatively little arc-welding experience and it 1s 
probable that better results can be obtained in produc 
tion. 


Data on Test Welds 


Data on the test welds are shown in Table 2. The 
letters in the weld number refer to the lot of rail steel 
used. The electrode numbers refer as follows: No. | 's 
an electrode of A.W.S. Class E-7011 type and was used 
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Table 1—Rail Steel Used for Welding 


CoMPOSITION TENSILE | ELONGATION | TENSION 


Mn STRENGTH IN 2 IN. IMPACT 
A | 0.76 
B 0.73 | 0.68 |0.027| 123,000 21.0 144 
D 
E 
N 


0.79 |0.028 | 135,000 psi. 16.0% 151 ft-lb. 
0.74 | 0.55 |0.024 | 124,000 12.5 132 
0.84 | 0.56 | 0.050) 148,000 16.0 153 


0.87 | 0.67 |0.037| 146,000 14.0 eee 
0.74 | 0.68 | 0.030) 125,800 17.0 152 


with alternating current; No. 2 is an electrode of A.W.S. 
Class E-10010 type and was used with direct current, re- 
verse polarity; No. 3 is a high-carbon (1%) electrode 
used with direct current, straight polarity. All elec- 
trodes were ®/s9 in. nominal diameter. 

All welds were single-V, butt joints with back-up plate. 
Design A was a 60° V with '/s-in. root; design B was a 
10° V with '/q-in. root. Rail steel pieces were 5 x 3'/2 x 
‘/, in., butt welded to form pieces 10 in. long. The 
pieces were clamped between chill plates overlapping to 
within 2'/, in. of the weld on each side; the back-up 
plates were tack welded in place. Each pass was woven 
the entire width of the groove and all passes proceeded 
in the same direction across the joint. Interpass tem- 
perature Was maintained at from 400 to 500° F. Test 
hars were then cut from the mid-section of the welds, 
rejecting the edges. The time for each pass was deter- 
mined by a stop watch. Heat input was calculated from 
time, current and voltage. The optimum heat input 
for these joints should have been 33,000 joules per inch 
for each pass; actual heat was slightly under in a few 
cases, but-——as shown in Table 2—-usually far in excess of 
this optimum. 

Results of the physical tests on bars from these welds 
are given in Tables 3 and 4. 

Ductility is best in the five-pass welds SIS and S19. 
This seems to confirm the indication of the bead-bend 
tests, namely, that some ductility is lost by a higher heat 
input rate per inch of pass. However, in these multiple- 
pass welds, the degree of grain refinement due to succes- 
sive heat passes is also a factor to be considered. 

Occasional micro-cracks are noted in the weld metal 
deposited during the first pass, observable only on etching 
across section. It is significant that when they occur 
they always are in the deposit instead of in the heat- 
affected zone of the rail steel. There is no apparent cor- 
relation between the ductility of the weldments and the 
occurrence of these micro-cracks. They are attributed 
to the relative weakness of the deposit metal as compared 
to the rail steel and not to any brittleness in the rail steel 
caused directly by the welding heat. 

The relative weakness of the deposit metal as com- 
pared to the base metal limits the over-all ductility to be 
expected from the weldments. Most of the elongation 
under tensile test occurs within the weld metal itself. 
Due to this fact, the average ductility in a 2-in. gage 
length is much less than it would be if the weld metal and 
parent metal were of equal strength. It is believed that 
it an electrode were available which could lay a deposit 
that matched both the strength and the hardenability of 
the rail steel, the resulting weld would show a much 
higher figure for elongation. Numerous electrode types 
and makes were tried but none was found which com- 
pletely met this dual requirement. 


Conclusion 


Welders generally believe that high-carbon steels can- 
not be welded successfully without preheat and stress 


(Continued on page 400-s) 


Fig. 3 (top); Fig. 4 (middle); Fig. 5 (bottom)—Etched Struc- 
ture at 100 Diameters at Edge of Heat-Affected Zone 


Heat imput: 5000 joules per inch for Fig. 3, 7500 for Fig 


and 11,000 joules per inch for Fig. 5. No marter 
areas) exists under weld heads made with hich heat 
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Introduction 


'N A recent review of literature, by Spraragen and 
Claussen,! previous knowledge of auto-cracks has 
been well summarized. These cracks have been de- 

scribed as similar to hot tears in castings and have been 
attributed by many investigators to the relatively low 
strength and low ductility characteristics of weld metal 
at high temperatures. One outstanding observation 
which lends support to this theory is the fact that auto- 
cracks which reach the surface are oxidized. The surface 
of such cracks has been described as ‘“‘blued’’ which 
would indicate that their formation did not occur at 
excessively high temperatures. Neither the exact tem- 
perature where a loss of ductility occurs nor the cause of 
such a loss of ductility in weld metals has been reported. 
To date, little coordinated work has been undertaken to 
determine these factors. 

The purpose of this investigation is twofold; first, to 
determine the temperature range at which a loss of 
ductility occurs in weld-deposited metal and, second, to 
determine the cause of such loss of ductility. Such 
knowledge should be of value in predicting auto-cracking 
tendencies. 

Considerable data, available in the literature,’:* show 
that commercially pure iron and many steels exhibit a 
characteristic minimum in impact-temperature curves 
near 1000° F., but a conclusive explanation is lacking. 
It has been suggested* that the minimum inipact strength 
of mild steels generally occurring in the vicinity of 
1000° F. might possibly be related to the blue brittle 
phenomenon common to these same materials. Blue 
brittleness is characterized by a drop in ductility or in- 
crease in brittleness and a maximum in tensile strength 
at temperatures between 400 and 650° F. The actual 
temperature at which the maximum occurs is appar- 
ently dependent on the rate of testing. High testing 
rates tend to increase the temperature at which the 
tensile strength is maximum. It is conceivable that the 
point of minimum impact strength, or maximum brittle- 
ness, is a manifestation of this same blue brittle phe- 
nomenon occurring at somewhat higher temperatures 
under the influence of greater testing speeds. 

Kenyon and Burns‘ have shown that killed steels which 
are free from blue brittleness characteristics are likewise 
free from strain-aging tendencies, thus indicating a 
possible common cause for these two phenomena. 

Low and Gensamer® have demonstrated that the 
yield-point elongation and strain-aging characteristics 
of low-carbon steels can be eliminated by a prolonged 


* Based on a Ph.D. thesis at Purdue University. 
t+ Associate Professor in Metallurgical Engineering, Purdue University, 
Lafayette, Ind. 
. t Assistant Professor of Metallurgy, University of Rochester, Rochester, 


The Impact Strength of Some Metallic 
Arc Weld Metal Deposits at Elevated 
Temperature 


By John F. Eckel! and R. J. Raudebaugh‘ 
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anneal in wet hydrogen at 1330° F. Material which 
has been treated in this manner will again exhibit 
yield-point elongation and strain-aging tendencies after 
being subjected to an anneal in carburizing and nitriding 
atmospheres. This indicates that carbon and nitrogen 
both contribute to yield-point elongation and _ strain 
aging characteristics of steels. 

If the minimum in impact-temperature curves occur 
ring at about 1000° F. were a related phenomenon, 
removal of carbon and nitrogen by wet hydrogen should 
eliminate this dip in the curve, and subsequent exposur 
to carburizing or nitriding conditions might cause it to 
return. In view of such existing evidence, this investi 
gation has included the effect of carbon and nitrogen or 
the impact-temperature curve for a typical mild stecl. 


Preparation of Specimens 


There is no universal standard impact specimen for 
testing welded joints. Welds from which various types 
of all-weld metal specimens are to be prepared are 
commonly made using */,-in. plates, extending 5 in. on 
either side of the weld® so as to introduce a substantial 
mass cooling effect. 

Hot rolled, 0.2% C steel plate, '/. in. thick, was used 
in the preparation of welded specimens for tests de 
scribed herein. Pieces 30 in. wide by 6 in. in the rolling 
direction were cut and beveled 60° for a single-V_ weld 
along the 30-in. dimension. They were placed in posi 
tion for welding with a back-up strip under the root o/ 
the V which was open about */;,in. A ®/39-in. diameter 
rod was used for the first pass to insure satisfactor) 
penetration at the root of the weld. Subsequent passes 
were made with */;.-in. rod. Five to six passes wert 
made on each weld. Details of the actual welding opera 
tion employed for the various rods are summarized im 
Table 1. 


Table 1—Welding, Procedure Used in Welded Sample 


Preparation 


———Electrode———~ -—— Welding Conditions 

Type Size,In. Polarity Amperage Arc Voltag¢ 
E6012 5/39 Straight 170-200 22-25 
E6012 3/16 Straight 180-200 23-25 
E6020 5/39 Straight 180-200 30-35 
E6020 3/16 Straight 180-200 30-35 
309 Stainless 5/39 Reversed 140 25 


309 Stainless 3/\6 Reversed 160-180 25 


Two additional pairs of plates were prepared for weld- 
ing with E6012 and E6020 rods, as described previously, 
but they were clamped to a steel top table with four large 
C clamps to introduce restraint during welding. 
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Fig. 1—Typical Impact Specimen—Actual Size 


After the welding, the back-up strip was removed. 
From the welded plates, a piece was cut 30 in. long by 
about 2'/, in. wide, 1/4 in. on either side of the weld. A 
piece approximately 3 in. in the direction of the weld was 
discarded from each end of this 30-in. strip to eliminate 
end effect. The remaining 24-in. piece was milled flat 
with a thin cut on the root side and then turned over and 
milled from the face side of the weld to a thickness of 
about 0.4in. It was then sawed into pieces 0.4 in. wide, 
yielding blanks 0.4 in. square by 21/2 in. long. 

These pieces were made into standard-size keyhole 
notch specimens with the notch cut from the root side 
of the weld as shown in Fig. 1. 

Since the weld metal was expected to have the some- 
what limited toughness and ductility characteristics of 
cast metal, it was thought that the subdued notch 
effect of the keyhole specimen might be desirable. Such 
specimens have been used by other investigators in study- 
ing room temperature impact strengths of weld metal.' 

Chemical analyses of the parent plate, rods and de- 
posited metal are given in Table 2. 


‘Table ‘sited Analysis of Plate, Rods and Their 
Respective Weld Metal Deposits 


— 
Material %C % Mn % Si %Cr GNi 
Plate 0.20 0.40 0.007 
£6012 Rod 0.16 0.43 0.006 
£6012 Weld Metal 0.08 0.32 0.060 
£6020 Rod 0.23 0.45 0.017 
£6020 Weld Metal 0.11 0.30 0.19 
Type 309 Rod 
(nominal comp.) 0.2 2.0 22-24 12-15 
max 
Type 309 Weld 
Metal 0.14 1.37 19.29 11.96 


The inclusion content of weld metal from the E6020 
rods is shown in Fig. 2. This photomicrograph shows 
one inclusion representative of the largest observed in 
the various samples examined. In the weld metal from 
the E6012 rods, smaller and less numerous inclusions 
were found. There were still fewer inclusions in the weld 
metal from the Type 309 stainless rods. 

In order to determine the possible effect of carbon and 
nitrogen on the dip in the impact strength-temperature 
curves occurring near 1000° F., unwelded plate samples 
both V and keyhole notch types were annealed in wet 
hydrogen for about 600 hr. at 1330° F. A number of 
these specimens were then tested at various temperatures 
from 70 to 1200° F. 


Fig. 2—Weld Metal from E6020 Rod Unetched. 500 x 
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Another group of the hydrogen annealed specimens 
was heated to 1300° F. and held for 2 hr. at that tempera- 
ture in the presence of a mixture of molecular nitrogen 
and heptane vapors. The arrangement of the annealing 
train used is shown below: 


en} | Satu- | >| Trap! > 


Tube Bu | Bubbler! Fly To 
| Drier} rator |” 


Furnace 


Schematic Diagram of Annealing Train 


At the end of 2 hr., the heptane saturator was removed 
from the train and the heating of samples was continued 
for 24 hr. in an atmosphere of dry nitrogen to promote 
the diffusion of carbon. These specimens were then 
tested at the same temperatures as the hydrogen- 
annealed specimens. 

A third portion of the hydrogen- -annealed specimens 

was heated to 930° F. and held for 24 hr. in the presence 
of ammonia vapors and molecular nitrogen. The train 
was similar to that described previously except that the 
heptane saturator was replaced by a liquid ammonia 
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CHARPY IMPACT STRENGTH,Ft./Lbs. 


TEST TEMPERATURE, °F. 


Fig. 3—Charpy Impact Strength of Keyhole Notch Specimens 
vs. Temperature 


1—Unwelded plate. 
2—E6012 rod—plates restrained during welding. 
3—E6012 rod—no restraint on plates during welding. 


saturator cooled with dry ice. After 24 hr. the ammonia 
saturator was removed, and the heating of samples was 
continued for another 24 hr. in an atmosphere of dry 
nitrogen to promote the diffusion of nitrogen. These 
specimens were then tested at the same temperatures 
used in the case of those tested after hydrogen annealing. 

In both the anneals described above it was planned 
that the molecular nitrogen would first serve as an inert 
carrier of the reactive vapors and as a neutral or inert 
atmosphere during the diffusion period. In order to be 
certain that the molecular nitrogen was truly inert at 
these temperatures, a fourth and final group of the 
hydrogen-annealed specimens was heated for 24 hr. in a 
stream of this gas at 1330° F. and tested at the same 
temperatures as the other three groups. 


Testing Procedure 
Specimens were tested at various temperatures from 
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room temperature to 1800° F. by heating them in a small 
muffle furnace for about '/, hr. They were then trans- 
ferred quickly to the impact machine where they were 
broken within approximately 4 sec. 

It was estimated from cooling curve data that actual 
specimen temperatures at the time of break were well 
within +0° F. and —30° F. of the furnace temperature 
for all controller settings of 1200° F. and lower. All 
graphs included herein were plotted using actual furnace 
temperature as the testing temperature. 

A list of test lots investigated is given in Table 3. 


Table 3—Description of Test Lots Investigated 


Test Lot Plate Rod Treatment 

1 0.20% C None As hot rolled 

2 0.20% C E6012 Welded without restraint 

3 0.20% C E6012 Welded with restraint 

4 0.20% C E6020 Welded without restraint 

5 0.20% C E6020 Welded with restraint 

6 0.20% C Type309 Welded without restraint 

7 0.27% C None Annealed 215 hr. in vacuo at 
1330° F. 

8 0.27% None Annealed 620 hr. in wet hydro- 
gen at 1330°F. 

9 0.27% C None Annealed 620hr.in wet hydrogen 


and 2 hr. in heptane vapor at 
1330° F. 

10 0.27% C None Annealed 620 hr. in wet hydro- 
gen and 24 hr. in dissociated 
ammonia at 925° F. 


Results of Tests 


Numerical test results for the various test lots are 
given in Table 4 and represented graphically in Figs. 
3 to 6, inclusive. 

Minimum impact values were found in the vicinity of 
1000° F. for the parent plate, for the weld metal from 
E6012 rods and for the weld metal from E6020 rods. 
Specimens of each of these materials bent without com- 
plete fracture at temperatures of 1300° F. and higher as 
typified by Fig. 7. 

Test results of weld metal from E6020 rods were more 
consistent than those from E6012 rods, and there was 
practically no difference in impact strength of the metal 
deposited from the former rod on plates restrained and 
that deposited on plates free from restraint. 

In the case of E6012 rods the metal deposited on plates 
restrained during welding was consistently higher in 
impact strength than the metal deposited on plates free 
from restraint during welding. The impact strength of 


Table 4—Impact Values (Foot-Pounds) of the Various Test Lots 


Test Lot No. 1 2 3 4 5 6 
Notch hes K K K kK K 
Test Temp. ° F 
80 45 30 38 37 43 30 
400 51 29 35 36 37 28 
600 50 30 38 33 31 32 
800 36 22 31 26 23 33 
1000 30 19 21 23 20 33 
1100 45 18 20 24 24 it 
1200 NF 23 28 35 39 35 
1300 NFt NF NF NF 


designates keyhole notch. 
+t NF means sample bent without fracture. 
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Fig. 4—Charpy Impact Strength of Keyhole Notch Specimens 


vs. Temperature 


1—Unwelded plate. 
2—E6020 rod—plates restrained during welding. 
3—E6020 rod—no restraint on plates during welding. 
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Fig. 5—Charpy Impact Strength of Keyhole Notch Specimens 
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vs. Temperature 


Unwelded plate. 
2—Type 309 stainless rod—no restraint on plates during welding 
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Fig. 6—Results of Charpy Impact Tests of 0.27% C Steel at 
Elevated Temperature After Indicated Treatment 


1—Annealed 215 hr. at 1330° F. 

2—Hydrogen annealed 620 hr. at 1330° F. and nitrided 24 hr. at 
925° F. 

3—Hydrogen annealed 620 hr. at 1330° F. and carburized 2 hr. 
at 


weld metal deposited from this type rod on plates without 
restraint was consistently lower than that deposited from 
E6020 rods under the same conditions. 

Microscopic examination made of specimens repre- 
sentative of weld metal from E6012 and E6020 rods, 
which had been tested at various temperatures, gave no 
indication of intergranular cracking. Typical structures 
are reproduced in Figs. 8 to 10, inclusive. 

Figures 11 and 12 illustrate structures taken at the 
pendulum side of the sample. The field of view includes 
the root of the indentation made by the striking edge of 
the pendulum in both cases. The specimens tested at 
1300° F. bent without complete fracture. At this 
temperature brittleness in the grain boundary region 
had decreased to such an extent that intergranular frac- 
ture common at all lower temperatures no longer pre- 
vailed. The grains were held together with sufficient 
strength that they underwent plastic deformation with- 
out fracturing at their boundaries. After being deformed 
at 1300° F., the grains remained distorted in cooling to 
room temperature. 

Specimens tested at 1800° F. likewise underwent 
severe plastic deformation but subsequently recrystal- 
lized in cooling through the critical range. 

From the test results discussed above it is evident that 
weld metal deposits from E6012 and E6020 rods do not 
show any tendency to behave differently when subjected 
to shock while cooling through the critical temperature 
range than the parent plate itself. 

The stainless weld metal specimens fractured com- 
pletely at all testing temperatures included in this in- 
vestigation (room temperature to 1800° F., inclusive). 
Impact strength increased steadily from room tempera- 
ture to 1600° F. and then dropped off somewhat at 1800° 
F. It was lower than that of the parent plate at all 
temperatures except 1000° F. where the parent plate 
exhibited its minimum impact value. (See Fig. 5.) 
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The stainless weld metal had practically the same 
impact strength as the weld metal from E6012 rod 
(welded without restraint) at temperatures of SO, 400 
and 600° F. From 800 to 1200° F., inclusive, its impact 
strength was considerably higher than that of weld metal 
deposited from either of the carbon steel rods without 
restraint. 

Results of tests on unwelded plate specimens (test lots 
7 to 10, inclusive) indicated that V-notch specimens were 
more sensitive to variation in temperature than keyhole 
specimens. A similar conclusion was reached by Jack- 
son’ in his study of the effect of notch shape and size on 
impact values. Both the keyhole and the \-notch spect- 
mens, however, show the same trend toward a minimum 
in impact strength at about 1000” F. 

Specimens from unwelded plate were annealed for 620 
hr. in wet hydrogen (test lot 8) to obtain material free 
from carbon and nitrogen. Pronounced grain growth 
accompanied this treatment and all microscopic traces 
of carbon were removed. Chemical analysis showed 
carbon to be negligible. 

The impact strength of the hydrogen-annealed iron 
specimens was very low (4 to 7 ft.-lb.) at 80° F. At all 
temperatures between 150 and 1000° F., however, 
samples bent without breaking, and hence impact frac- 
ture values were not obtainable. 

To determine whether the extreme brittleness at room 
temperature might be a manifestation of hydrogen em- 
brittlement, V-notch samples were heated to 1000° F., 
held for '/, hr. and then tested at room temperature. 
They were as brittle as before, breaking at 4 to 5 ft.-lb. 
Had the brittleness been caused by hydrogen, heating 
to 1000° F. should have altered it noticeably. The 
temperature at which a precipitous drop in the impact 
strength of many steels occurs is susceptible to change. 
It may well be that the coarse grain structure and 
altered chemical composition resulting from hydrogen 
annealing have shifted the temperature range of this 
sudden loss of toughness to about SO” F. 

Recarburizing hydrogen-annealed specimens for 2 hr. 
in heptane vapor altered their impact characteristics. 
They bent without fracture when tested at room tempera- 
ture and 600° F.. Complete fractures were encountered 
over the temperature range SOO to 1100° F., inclusive. 
At 1200° F. specimens bent with incomplete fracture. 
The recurrence of a minimum in the impact strength of 
the recarburized hydrogen-annealed material at 1000° F. 
is of particular interest (Fig. 6). Microscopic examina- 
tion did not reveal any undissolved carbides and chemical 
analysis showed less than 0.04°,, C to be present. 


Fig. 7—-Test Specimens of Weld Metal from E6012 Rod Tested 
at 1400° F. x 
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The carburizing treatment included a 24-hr. diffusion 
period at the carburizing temperature in the presence of 
dry nitrogen. Impact characteristics of hydrogen- 
annealed samples treated in dry nitrogen alone at 1300° 
F. showed the same ductile characteristics as the hydro- 
gen-annealed stock itself. They bent without fracture 
at temperatures between 150 and 1000° F. The change 
noted after carburizing was definitely produced therefore 
by carbon alone and not influenced by contact with 
nitrogen during the diffusion period. 

Subjecting hydrogen-annealed specimens to the action 
of ammonia vapors at 925° F. for 24 hr. again altered 
their impact characteristics. The extremely brittle 
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Fig. 8—Impact Fracture of E6020 Weld Metal Broken at 

1000° F. 3% Nital Etch. 200 x 

Fig. 9—Impact Fracture of E6020 Weld Metal Broken at 
1200° F. 3% Nital Etch. 200 x 

Fig. 10—Impact Fracture of E6020 Weld Metal Broken at 

1800° F. 3% Nital. 200 x 


condition at 80° F. persisted (2 ft.-lb. to break). Be- 
tween 600 and 1000° F., complete fractures were ob- 
tained. At 1200° F. samples bent without fracture. 

The drop in the impact strength of V-notch specimens 
as temperature increased from 800 to 900° F. was not 
pronounced, but the increase in impact strength be- 
tween 900 and 1050° F. was very sharp. In the case of 
the keyhole notch specimens there was no actual mini- 
mum encountered, but there was a very sharp rise 
in impact strength between 900 and 1050° F. as with 
the V-notch specimens. 
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Fig. 11—Pendulum Side of Weld Metal Specimen Made Using 
E6020 Rod. Tested at 1300°F. 3%Nital. 100 x 

Fig. 12—Pendulum Side of Weld Metal Specimen Made Using 
E6020 Rod. Tested at 1800°F. 3%Nital. 100 x 


Microscopic examination of nitrided specimens re- 
vealed the formation of iron-nitride needles for a con- 
siderable depth below the surface, indicating that the 
solubility limit of nitrogen in iron had been exceeded by 
the nitriding cycle described. 


Discussion 


The impact-temperature curves for the mild steel 
plate and weld metal included in this investigation show, 
without exception, a continuously decreasing impact 
strength from 600 to about 1000° F. Between 1000 and 
1200° F. there is a very sharp rise in impact strength 
As pointed out before, such behavior is characteristic o/ 
plain carbon steel of low-carbon content in general. 
Below 1200° F., under equilibrium conditions, iron is 
in the body centered cubic a form. In cases where 10 
solid phase changes such as solution of a precipitate, 
precipitation from solid solution or allotropic transforma- 
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Fig. 13—Solubility Curves for Carbon and Nitrogen in a Iron’’ 
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tion are encountered, plasticity would be expected to in- 
crease With increase in temperature. Any change in the 
solid state encountered as temperature was raised would 
very likely be reflected in the plasticity of the metal. 

The impact test is designed to measure energy required 
to produce brittle fractures accompanied by a minimum 
of plastic flow. JT he test results on notched samples are 
primarily a function of cohesive strength and notch 
sensitivity of the material. It is difficult to predict how 
these characteristics will be affected by temperature 
variation. In general, however, if the course of the 
fracture does not change from intercrystalline to trans- 
crystalline, a rather consistent change in impact values 
with temperature can be expected in the absence of any 
solid phase change. 

A sudden upturn in impact strength, such as that en- 
countered with mild steels in the vicinity of 1000° F., 
would seem to indicate some solid phase change in the 
material. Whatever the change may be, the cohesive 
strength of the steel is markedly improved. 

The solubility curve for carbon in a@ iron is reproduced 
in Fig. 13.8 The solubility increases linearly to about 
950° F. after which it rises much more rapidly. _Inas- 
much as the grain boundary region of a polycrystalline 
metallic structure is a region of high energy content, it is 
a region where phase changes frequently begin. It is 
difficult to conceive, therefore, that the precipitation of 
cementite from iron as a steel cools from 1335° F to room 
temperature could take place without a considerable 
amount of its being lodged in the grain boundaries. On 
reheating, this grain boundary precipitate would be re- 
dissolved. 

The solution of a grain boundary precipitate would 
certainly be capable of markedly increasing the cohesive 
strength and hence the impact resistance of a poly- 
crystalline metal. The fairly close coincidence in the 
temperature of increase in solubility of carbon in a@ iron 
with that of the upturn in impact strength of plain car- 
bon steels lends support to this theory. 

The improvement in cohesive strength and impact 
resistance, brought about by the solution of grain bound- 
ary carbides which had precipitated from a iron, would 
probably be equally effective in steels of varying carbon 
content. For instance, the austenite in a steel contain- 
ing more than 0.04% carbon would begin to transform 
to ferrite upon slow cooling as soon as the A,3 temperature 
was reached. This would continue as the temperature 
was lowered until at the A,, temperature the austenite 
would contain about 0.83% carbon and would transform 
directly to pearlite. However, the ferrite which formed 
between the A,,; and the A, would contain about 0.04% 
carbon. Further cooling would result in precipitation 
of carbides from the ferrite with the same resultant 
effect as mefitioned previously. 

Steels whose average carbon content is within the 
limit of the maximum solubility of carbon in a iron, are 
still capable of exhibiting grain-boundary precipitation 
on cooling from about 1330° F. to room temperature as a 
result of nonuniform distribution or segregation of that 
carbon. Any segregation of dissolved carbon in the 
ferrite grains would most logically be near the outer 
region of those grains as the result of the mechanism of 
crystalformation. Subsequent cooling to below the limit 
of solubility of this relatively carbon-rich area would 
produce grain-boundary precipitation. Thus it is con- 
ceivable that the characteristic upturn in impact strength 
of carbon steels at about 1000° F. would persist even in 
the case of extremely low-carbon materials. 

Nitrogen, like carbon, is soluble to a lesser extent in a 
iron at room temperature than at elevated temperatures, 
as shown by Fig. 13. Its solution on reheating would 
thus be capable of affecting the elevated temperature 
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impact strength of steels in a manner similar to that of 
carbon, though probably differing somewhat in magni- 
tude of effect. Results of tests reported herein indicate 
that nitrogen may be less effective than carbon. 

Alloying elements may alter both the limit of solubility 
of carbides in a@ iron and the ease with which precipitated 
carbides may be redissolved. The action of nitrogen 
would likewise be subject to alteration by the influence 
of alloying elements, particularly chromium and alumi- 
num. ‘This effect of alloying elements was evidenced in 
the elevated temperature impact characteristics of the 
stainless weld metal where carbon and nitrogen were pre- 
sumably in solution. This material did not exhibit the 
minimum impact tendency near 1000° F. common to the 
plain carbon steels tested. 

The minimum in impact strength occurring near 
1000° F. which has been described may well be a con- 
tributing cause to auto-cracking. It seems probable 
that the loss of ductility may be sufficient to cause 
cracking in highly stressed welds, although results ob- 
tained in this investigation on restrained welds did not 
indicate the presence of auto-cracks. Neither were any 
auto-cracks observed on any of the welded samples. 
The fact that such cracks which reach the surface are 
“blued” would indicate their formation probable at 
temperatures near 1000° F. since sufficient opportunity 
would exist for the formation of a blue oxide film. It 
therefore seems quite probably that the presence of a * 
carbide precipitate and possibly a nitride precipitate, at 
ferrite grain boundaries, may result in auto-crack forma- 
tion. 


Summary 


Impact tests at elevated temperatures on arc welds 
made from E6012 and E6020 rods showed a minimum 
impact strength existing near 1000° F. No such mini- 
mum was found in welds made from Type 309 stainless 
rods. Experiments in which carbon and nitrogen were 
removed from mild steel samples have shown that the 
minimum impact strength can be eliminated by their 
removal. It has also been demonstrated that recarbu- 
rized samples again show a minimum in impact strength 
near 1000° F. Renitrided specimens showed a similar 
behavior but to a much smaller extent. 

A theory has been developed to explain the cause of 
the minimum impact strength occurring in some steels at 
1000° F. It has also been suggested that auto-cracks 
may develop as a result of a carbide precipitate on ferrite 
grain boundaries. 
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COMMITTEE ON FATIGUE TESTING (STRUCTURAL) 
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REPORT NO. 4 


Fatigue Strength of Fillet, Plug and 


Summary 


HIS Report describes the fatigue testing, under 

axial loading, of several sets of steel specimens so 

designed that the tensile (or compressive) loads 

should be transmitted from one part to another through 

the shearing of fillet, plug or slot welds. The joints were 

in general such as might be conceived for connecting one 

end of a flat plate or channel tension member in a bridge 
or building, to a gusset plate or a chord member. 

These types of weld are proved to be markedly in- 
ferior to butt welds for such purposes (see Report No. 3) 
if cycles of widely variable stress are to be frequently 
repeated; in that the base material, not the weld metal, 
is almost always the critical element and will probably 
fail at an uneconomically low maximum unit stress. 

Attention was accordingly given to determining an 
optimum disposition of welds as regards the efficiency 
of the main material; and ‘dependable’ ultimate 
fatigue strengths of main material and weld material 
were obtained for connections approaching this optimum 
form. 

The findings of greatest interest to designers are the 
following: 

1. For a welded connection in shear across a faying 
surface, no arrangement is importantly more efficient 
than a fillet across the free end, continued into a fillet 
along each side, of the narrower connected part (see Fig. 
8). Further continuation of the fillet across the free end 
of the second part adds slightly to the fatigue strength 
(see Fig. 9). 

2. Dependable values in fatigue strength of fillet 
welds in shear on the throat, using carbon bridge steel 
and welding technique in accordance with AMERICAN 
WELDING Society specifications, and with a weld pat- 
tern not seriously unlike that described in (1), are as 
follows: 


100,000 2,000,000 
Cycles Cycles 
Main Material in Tension 
Full Reversal 11,000 8,250 psi. 
Zero-to-Max. 22,000 16,500 psi. 
Max.-to-!/. Max. 44,000 33,000 psi. 
Main Material in Compressian 
Zero-to-Max. 28,000 21,000 psi. 


Similar dependable values for other numbers of cycles 
of stress may be scaled from the full lines in Fig. 28. 

3. The fatigue strength of fillet welds in tee-joints 
with the stem material subjected to tension perpendicular 
to the flange will depend upon the size of fillet, on 
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account of the moment force which acts along with the 


shear. For 5/j-in. fillets the following values of shear 01 
throat may be considered dependable. 


100,000 


2,000,000 

Cycles Cycles 
Full Reversal 12,000 6,000 psi 
Zero-to-Max. 16,000 8,000 psi 
Max.-to-!/. Max. 32,000 16,000 psi 


4. Dependable values in fatigue strength of main ma- 
terial under tensile stress, when connected by fillet welds 
in a pattern not seriously unlike that described in (1 
above, and not concentric with the part to which con- 
nected (e.g., a single-lap splice), under the conditions 
recited in (2) above are as follows: 


100,000 2,000,000 

Cycles Cycles 
Full Reversal * 9,600 5,400 psi 
Zero-to-Tension 16,000 9,000 psi. 
Tension-to-'/, Tension 24,000 13,500 psi 


Similar dependable values for other numbers of cycles 
of stress may be scaled from the dotted lines in Fig. 2S. 

For main material with concentric connections, such 
as a double-shear splice in a plate, the foregoing depend- 
able values may safely be increased by 20% at 100,000 
cycles, but this percentage should be reduced with in- 
crease in number of cycles, reaching zero per cent at 
2,000,000 cycles. 

®. For main material connected by side or end welds 
only, or by discontinuous fillet patterns, the foregoing 
dependable values for weld metal or for main material 
should be reduced by from 10 to 30%, as a study of the 
most comparable tests may indicate. 

6. Plug welds have dependable strength in shear as 
tabulated in (2) above, for 100,000 cycles of stress; but 
this reduces with increase of cycles and at 2,000,000 
cycles is not greater than three-fourth of the value 
tabulated for fillets. 

Dependable values for various numbers of cycles may 
be sealed from Fig. 39. 

7. Main material connected by plug welds has thie 
dependable values in tension stated in (4) above for ma- 
terial connected by fillet welds. 

8. Slot welds (meaning closed slots completely filled 
at the faying surface, see Part II, first paragrapl), 
whether longitudinal or transverse, have dependable 
fatigue strengths in weld shear and in tension on main 
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material, too far below the values stated above to be of 
practical application to design of parts under cyclical 
stress. 

9. Fillet welds in holes have dependable unit fatigue 
strength in shear, equal to that stated in (2) above for 
typical fillets. They are economical in volume of weld 
metal as compared to plug welds of the same fatigue 
strength; but may make a greater reduction in net area 
of main material. 

10. Continuous plates under tension lose compara- 
tively little fatigue strength through the welding of an 
attachment to one side only by the use of transverse 
fillet welds; but lose possibly one-third of their fatigue 
strength through the welding or riveting of such attach- 
ments to both sides at a common section. 

\1. Multiple-pass fillet welds in thick material, made 
under conditions of slight restraint, developed lower unit 
fatigue strength than single-pass welds until cracking of 
the first pass was effectively prevented. 

|2. Of two series of specimens fabricated with and 
without peening, one was helped and the other very 
greatly harmed by the peening. 

13. Fillet welds subjected, as in beam web con- 
nections, to a combination of shear and bending, showed 
an extreme-fiber shearing stress as high as in fillet-welded 
connections in pure shear. But fillet welds simulating 
top- and bottom-flange connections showed very little 
fatigue strength and should not be used for cyclical loads. 

l4. Fillet welds used to attach web to flanges in 
flexural members, are in a different category; and will 
be the subject of a separate report at the conclusion of 
fatigue tests now under way. 


General Remarks 


The testing program herein summarized was carried 
out at the Engineering Experiment Station, University 
of Illinois. Four fatigue testing machines with a capa- 
city of plus 200,000 to minus 200,000 Ib. were principally 
employed. ‘The essential features of these machines are 
explained in Bulletin No. 302 by Wilson and Thomas, 
Univ. of Ill. Eng. Exp. Sta., 1938. 

All fatigue testing was performed with continuous 
operation of the machines, a procedure justified by the 
“Rest vs. No Rest’ program described in Report No. 1 
of Committee F, predecessor to the present Committee.* 

The objective in all tests was to ascertain the respec- 
tive unit stresses under which a given type of specimen 
would fail at 100,000 and at 2,000,000, repetitions. The 
actual failure always occurs at some other number of 
repetitions than one of these two. The method of cal- 
culating, from the data on an actual test, the probable 
unit stress that would cause failure at 100,000 or 2,000,- 
000 cycles, respectively, is fully explained in Report No. 
2 of Committee F and is somewhat amplified in Report 
No. 3 (“Fatigue Strength of Butt Welds’’) of the present 
Committee, pp. 5-6. Report No. 2 also explains the 
type of chart which will be used in the present Report 
for the graphical representation of the fatigue strengths 
of similar specimens, under different ranges of stress. 

All of the data given in this Report are given in 
greater detail in reports of the Engineering Experiment 
Station, University of Illinois, by Wilbur M. Wilson and 
others, as follows: 


Bulletin No. 350, March 1944, by Wilson, Bruckner, 
Duberg and Beede, ‘‘Fatigue Strength of Fillet-Weld 


* Reports Nos. 1 and 2 were issued in 1941 and 1942, respectively, by Com- 
mittee F, Welding Research Committee. Late in 1942 the Welding Research 
Committee was reorganized as the Welding Research Council, and the Com- 
mittee on Fatigue Testing (Structural) was reconstituted without the designa- 
tion “F.” Report No. 3, “Fatigue Strength of Butt Welds in Ordinary Bridge 
Steel,” was issued in 1943. 
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and Plug-Weld Connections in Steel Structural Mem- 
bers’’ ;* 

The intention of the Committee is to cite the Univer- 
sity of Illinois Bulletins, which are readily available, as 
references for all who desire the most complete data; 
and in its own Reports, such as this, to include only 
enough data to make its objectives and conclusions clear 
to the general industrial reader. 

No specimens referred to in this Report were stress 
relieved. All were welded using A7 steel and E6010 or 
6012 filler metal in conformity with the AMERICAN 
WELDING Society's Specifications for Welded Highway 
and Railway Bridges. 


Part I—Fillet Welds 


1. Exploratory Tests of Fillet-Welded Joints 


‘ 


In its first or “pilot” program the Committee sought 
to locate the point of demarcation between fatigue 
strength of plates and fatigue strength of welds, for the 
simple, longitudinal-fillet connections of Fig. 1. 


Lt 
i} < 
00 0 | ; 000 
000 ni ooo 
+ 
Series W and Z 
Fig. 1 


Based on the customary values for statically loaded 
structures (tension 18,000 psi., weld shear 13,600 psi.), 
the two types of specimen shown would have the follow- 
ing allowable capacities in pounds: 


Based on Tension Based on Shear 
in Plate in Welds 
121,500 57,500 
121,500 144,000 


Series W 
Series Z 


The thought was, therefore, that Series W would 
break in the welds and Series Z in the plates; and that 
other series would then be designed with weld lengths 
intermediate between 4 and 10 in., to more closely ascer- 
tain the desired point of demarcation. 

However, the respective fatigue strengths of weld and 
of plate were found to bear no relation to the above 
static allowances. Even with the 4-in. weld length of 
Series W, the plates failed under repeated application 
of tensile stress while the welds were holding. It was 
clearly demonstrated that this type of connection is very 
inefficient under repeated loading, especially for tension 
members. The stress-raising effect of the sudden change 
of stress path at the end of the fillet appears to be more 
than the plate can withstand. By grinding the fillets to 
a smooth contour and, at their ends, to a feather edge, 
the number of repetitions under a given stress was in- 


* An additional Bulletin will be shortly issued by the Univ. of Illinois. 
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creased, but not in a ratio that would justify this as a 
manufacturing expedient. 

The test results on the specimen with weld surfaces 
left as-welded are summarized in Table 1. 


Cycle-Unit 


Stress in Kips per Sq. In. Number 
Tension or Shear on of 
Compression in Throat Thousands 
Series Plate of Weld of Cycles Failure in 
WwW Oto +10.0 Otol15.8 340.1 Plate 
W Oto+10.0 O0tol5.8 530.2 Plate 
WwW Oto —-10.3 Oto16.0 1375.0 Plate 
WwW Oto —16.3 Oto 24.0 158.2 Plate and Weld 
WwW Oto —19.5 Oto30.0 84.0 Weld 
W Oto -—19.5 Oto 30.0 191.3 Weld 
Z Oto 10.0 Oto 6.3 646.7 Plate 
Z Oto 10.0 Oto 6.3 760.5 Plate 
Z Oto —25.2 Oto 16.0 190.5 Plate 
Z Oto —25.2 Oto 16.0 195.0 
Z Oto —29.8 Oto18.5 40.7 Plate 
Z Oto —29.8 Oto 18.5 108.0 Plate 
Z +16.2 to —16.2 +10.0 18.7 Plate 


It will be noted, first, that the fillet-welded plate is not 
so susceptible to fatigue failure when stressed in com- 
pression as when stressed in tension; second, that the 
longer welds of Series Z had some effect in improving the 
behavior of the plate; third, that the fatigue strength of 
the weld metal in shear appears to be satisfactory. 


Attention was next given to variations in the arrange- 
ment of the fillet welds which might improve the effi- 
ciency of the connected plates. 

Thus, in Series X, Fig. 2, the form of Series W was 
modified by adding end returns. 


~ 
Series X 
Fig. 2 
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Series T, U, V 
Fig. 3 
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Series Y 
Fig. 4 
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It having been suggested that cross bending in the 
plate was an adverse factor, Series T, U, V, Fig. 3, were 
patterned after Series W with the width between welds 
as the variable. 
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The same thought led to the addition of an interio, 
fillet-welded slot in Series Y, Fig. 4. 

Another comparison was made by starting with Series 
EZ, Fig. 5, which is virtually a repetition of Series 7, 
Fig. 1, and then modifying the weld arrangement as 
shown for Series EX, Fig. 6, and for Series EW, Fig. 7 


I-pl.lexg 3%! @ 
' 
Series EZ 
Fig. 5 
So 
| 
Series EX 
Fig. 6 


/-pl. 


Series EW 
Fig. 7 
6" ” 
1 
Series. D 
Fig. 8 
_6" 
> 
‘ 
4 6 2-pls.@ 
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Finally simple forms of Series D, Fig. 8, and Series C, 
Fig. 9, were tried. In these the weld was carried along 
both sides and across the outer end. In Series C it was 
also returned at the inner end, as far in as a sound weld 
could be made. 
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(hree specimens were made for each of the foregoing 
Series, Figs. 2-9, inclusive, and all were tested on the 
cycle 0 to 18,000 psi. tension in the outside plates. This 
tensile unit stress applied to the 4-in. width of Series T, 
the 6-in. width of Series U, and the 9-in. width of all 
other series; except that for Series Y it applied to only 
71/,in. out of 9 in.; for which reason the tests. on that 
series Should be somewhat discounted in considering 
over-all efficiency of connections. 

The results of these exploratory tests are given in 
Table 2. 


No. of Cycles in Thousands (All Cycles 0 to 
Fig. Series 18,000 psi. Tension in Outside Plates) 
47.2 
71.8 
51.7 Av. 
3 V 34.0 
47.4 
49.0 
43.5 
3 U 101.7 
137.8 
228.4 
155.9 Av. 
3 120.0 
191.1 


221.7 


177.6 Av. 
318.0 
324.5 
375.0 
339.2 Av. 
EZ 174.5 
189.4 
221.3 
195.1 
6 EX 162.3 
201.5 
208.7 


o 


190.8 Av. 
192.7 
230.0 
269.3 
230.7 
8 D 223 .9 
296.5 
330.2 
283.5 Av. 
313.6 
352.8 
363.1 


As may easily be seen from the S/N diagrams of 
Report No. 2, the above differences of some 300,000 
repetitions from worst to best represent only a few 
thousand pounds per square inch of difference in fatigue 
Strength at any selected number of cycles; and the con- 
clusion may be drawn from Table 2 that the simple weld 
arrangement of Series D, Fig. 8, is as efficient as any in 
developing the main material. 


A further exploratory program was undertaken, on 
the comparative efficiencies of the 45° and the ogee form 
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4- 45° for 42C 


Section A-A Ogee for 42D 
Series 42C-42D 
Fig. 10 


for end fillets. 
in Fig. 10. 
The results of the tests are given in Table 3. 


The specimens were designed as shown 


Table 3 
Cycle-Unit Stress Thousands 
Series in Plate of Cycles 
Cc 0 to +18,000 149.4 Weld Edge 
0 to +18,000 175.0 Weld Edge 
ie 0 to +18,000 331.0 Weld Throat 
218.5 Av 
D 0 to +18,000 175.2 Weld Edge 
D 0 to +18,000 408.0 Ins. Pit. 
D 0 to +18,000 651.5 Ins. Pit. 
411.6 Av. 
Cc 0 to —18,000 32.4 Weld Edge 
Cc 0 to — 18,000 42.3 Weld Edge 
Cc 0 to —18,000 439.4 Weld Edge 
171.4 Av 
0 to — 18,000 857.6 Weld Edge 
8) 0 to —18,000 1006 .6 Weld Edge 
D 0 to — 18,000 1979.2 Weld Edge 
1281.1 Av. 
Cc + 12,000 to — 12,000 44.9 Weld Throat 
Cc + 12,000 to — 12,000 47.5 Weld Throat 
be +12,000 to — 12,000 82.3 Weld Throat 
58.2 Av. 
D + 12,000 to — 12,000 111.7 Weld Edge 
D + 12,000 to —12,000 117.4 Weld Edge 
D +12,000 to —12,000 141.1 Weld Edge 
123.4 Av. 


It will be seen that there was a relatively small differ- 
ence in favor of the ogee weld when the stress cycle was 
Q-to-tension or full reversal, and a considerably greater 
difference when the cycle was 0-to-compression. Again, 
however, the difference shown in numbers of cycles repre- 
sents a slight difference in calculated fatigue strength at 
any particular number of cycles. It would probably be 
impracticable to take so slight a difference into account 
in a specification for design. 


Exploratory tests were made on pairs of channels in 
tension, with their backs separated only by enough to 
admit a single-ply gusset or splice plate—a detail such 
as might be employed in single-plane trusses or in two- 
channel lateral or sway members. 

The details of the three connection types are shown 
in Figs. 11, 12 and 13; the test results are given in Table 
4. All specimens failed in a channel, at the end of the 
longitudinal fillet weld. 
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Cycle-Unit Tensile Stress Thousands of 


Fig. Series on Two Channels Cycles 
11 S 0 to +18,000 284.0 
0 to +18,000 407 .6 


0 to +18,000 553 .3 


415.0 Av. 
12 Al 0 to +18,000 636.2 

0 to +18,000 870.7 

0 to +18,000 1040.7 


849.2 Av. 
13 A2 0 to +18,000 506.1 
0 to +18,000 551.7 


0 to +18,000 631.5 


563.1 Av. 


As in the case of the plates subjected to tension, the 
simple connection of Series Al, Fig. 12, having the fillet 
welds along both sides and across a square end, proved to 
be by a small margin the most efficient in fatigue. 

Also, the number of cycles endured at the same tension 
cycle, 0-to +18,000 psi., was roughly twice as great as for 
the plates of Series D, Fig. 8. This difference may per- 
haps be explained on the basis that the welds lie close to 
a greater proportion of the longitudinally stressed fibers, 
in the case of the channels than in tHe case of plates. 


Exploratory tests were made on three series of ‘‘box”’ 
members, comprising two channels with toes turned out, 
spaced apart by batten plates, each channel being end- 
connected in single shear to a gusset plate in contact 
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with its rear face; thus representing a typical end oy 
nection for web members in trusses heavier than thog 
represented by the program discussed just above. 

Two of the series employed different patterns of fille. 
weld connection and the third series was riveted. 

Series GA, which had all the welding outside the chap, 
nels as viewed in elevation, was somewhat inferio, ; 
Series D and more nearly comparable to Series U (Tabi, 
2). 

Series GB, on which the welds were returned yn¢- 
the channels along the edges of the two gusset plate 
was practically equal in fatigue strength to Series |), 

Series GC, with riveted connections, was exact) 
equivalent to Series GB with welded connections, unde; 
the same total load per channel. 

The full report on these three series is given on yy 
20-27, inel., Bulletin No. 350, Eng. Exp. Sta., Univ, ; 
Illinois. This Bulletin gives an account of varioy 
troubles encountered with the fillet welds connectiz; 
the intermediate batten plates to the channels, such , 
seem to indicate that the use under fatigue stress cond 
tions of welded bridge trusses, of the type and dime: 
sions represented by Series GA and GB, would not 
justified without considerable further research. 


2. Exploratory Test of Fatigue Strength of Fille! 
Welded Laterals 


Pilot tests were made on two types of proposed fille: 
welded connection for single channels such as might lx 
used as laterals, and on two types, one fillet-welded ani 
one riveted, for angles similarly used. 


2-bars 2x7}? 
‘| 


Fig. 14 


Lateral Series D 
Fig. 15 


The channel of Lateral Series A, Fig. 14, was cot 
nected by all-around fillet welds to an interposed bar, 
resulting in a virtual absence of eccentricity betwee! 
the channel and the gusset. The channel of Lateral 
Series D, Fig. 15, was connected in the normal manner 
for such members, by fillet welds on the faying surfact 
between back of channel and top of plate; the resulting 
eccentricity was about 0.69 in. 


The comparative results of the tests are shown 1 
Table 5. 
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Table 5 


rensile Stress in Kips 
oer Sq. In. on Channel (P/A) 


Number of Thousands of Cycles 
Neglecting Eccentricity 


Lateral Series A Lateral Series D 


0 to 30.0 50.2 ey 
0 to 25.0 88.4 41.8 
0 to 25.0 55.9 
0 to 20.0 126.6 47.5 
0 to 20.0 204.0 68.6 
0 to 18.0 Van. 108.4 
0 to 12.8 re. 1011.4 
0 to 12.0 3568. 7* 

0 to 12.0 4456.7* oF Oe 
0 to 10.0 2370.8 1137.1 
0 to 10.0 3935.3 1688.1 


* Did not fail. 


All of these specimens broke in the channel, at the 
point of first transfer of stress from channel to weld. 
' The superiority of the concentric over the eccentric 
connection is evident from the comparative numbers of 
eveles to failure stated in Table 5. However, when 
these test results are translated, by the method of 
Report No. 2, into “fatigue ‘strength,’ at a selected 
number of cycles, the differences are moderate, as shown 
in Table 6. 


Table 6 


Fatigue Strength in Kips per 
Sq. In. on Channel 
100,000 Cycles 2,000,000 Cycles 


Average for Lateral Series A 23.7 11.0 
Average for Lateral Series D 19.0 9.9 
Minimum for Lateral Series A 21.0 10.0+ 
Minimum for Lateral Series D 16.6 8.8 


It would appear unlikely that, for members of ordin- 
ary length, the increase in allowable unit stress for the 
Lateral Series A connection would save enough weight 
in the channel to pay for the considerably greater labor 
on the connection. 

The tests of Lateral Series D are compared in Table 7 
with those of Series Al, Fig. 12, which employed two 
channels back to back and therefore was free from the 
eccentricity of Lateral Series D; and also with those of 
Series GA, the ‘‘box’’ member in which each of the two 
channels lay on a gusset plate but some of the resulting 
eccentricity was killed by the cross battens. 


Table 7 


Stress Cycle 0-18,000 psi., Tension on Gross Area of Channels 
Cycles to Failure 


Fig. Series in Thousands 

12 Al 636.2 
Al 870.7 
Al 1040.7 
GA 131.4 
GA 140.6 
GA 179.7 

15 D (Lateral) 108.4 


The single angles of Lateral Series B, Fig. 16, and of 
Lateral Series C, Fig. 17, had the same eccentricity with 
respect to the gusset plates, 0.79 in. 

The test results are given in Table 8. 

While the comparative economics of the two types of 
connection must be judged in terms of unit stress on the 
gToss area, the unit stress on the net area of the riveted 
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Lateral Series C is added in Table & to afford a compari- 
son with the usual allowance in case of static design. 


Table 8 
Cycle-Tensile Stress in Kips 
per Sq. In. on Angle (P/A 
Neglecting Eccentricity 
(Net Area for 
Lateral Series C) 


Number of Thousands of Cycles 


Gross Area Lateral Series B Lateral Series C 


0to 19.3 cha 34.3 

Oto 19.3 56.4 

Oto 16.0 0 to 20.2) 4494.0 206.9 
Oto 16.0 (0 to 20.2 507.8 

0to 15.0 (0 to 18.9) 1092.4 
Oto12.8 (0 to 16.1) 511.8 905.7 
Oto 12.8 (0 to 16.1 555.0 209.3 
QOto12.8 (0 to 16.1) 1909.3 
Oto 10.0 (0 to 12.6 9572.0 0 
0 to 10.0 (0 to 12.6) 5177 .0* 910.7* 


* Did uot fail 


All failures in Lateral Series B were in the angle at 
the inner end of the fillet weld. All failures in Lateral 
Series C were in the angle at the inner rivet hole and on 
the side away from the outstanding leg. No welds 
broke, and no rivets broke or loosened. 

At equal loads (i.e., equal unit stresses on gross sec- 
tion) the riveted angles of Lateral Series C were some- 
times more and sometimes less effective than the welded 
angles of Lateral Series B. But the riveted angles were 
notably more erratic, and in the light of minimum or 
average values were the weaker. 

Calculated ‘fatigue strengths’ are shown in Table 9. 


Table 9 


Fatigue Strength in Kips per 

Sq. In. of Tension on Angle, 

Gross Section exc. as noted 
100,000 Cycles 2,000,000 Cycles 


Average for Lateral Series B 19.1 10.0+ 
Average for Lateral Series C 16.7 (21. 1 net) 9.3 (11.7 net) 
Minimum for Lateral Series B 15.8 9.9 
Minimum for Lateral Series C 12.3 (15.5 net) 7.0( 8.8 net) 
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As noted in Report No. 2, they cannot be given a great 
deal of credence in the case of the riveted Lateral Series 
C, because of the exceptional scatter of the individual 
test results. 


In comparing the calculated fatigue strengths in Tables 
6 and 9 with the specified allowable unit stresses of 
ordinary practice, it is well to remember that these latter 
are applied as limits to the extreme fiber stress of ec- 
centrically connected members such as laterals; whereas 
the average or P/A unit stress in single-angle or single- 
channel laterals would be lower than the 100,000 cycle 
minimum values tabulated in Tables 6 and 9. 


3. Pilot Tests of Unit Fatigue Strength of Fillet Welds, 
Peened vs. Not Peened 


The fillet-weld specimens described above (Series D, 
etc., etc.) in general failed in the main material; but 
gave an indication that symmetrical, two-channel mem- 
bers could produce failure in the welds and accordingly 
could be used to obtain unit strength of fillet welds. 
Pilot tests of this type were accordingly undertaken, on 
specimens as shown in Figs. 18 and 19. 
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Table 10 


Number of Thousands of Cycles 
Series G Series H 


Cycle-Unit Stress in 
Kips per Sq. In. Shear 


on Throat of Fillet Series E (Peened) Series F (Peened) 
0 to 26.0 “Fee 62.5 
0 to 25.0 218.0 211.9 81.5 17.2 
0 to 25.0 245.7 271.7 237 .0 19.2 
0 to 25.0 263.8 480.2 313.6 36.4 
0 to 25.0 397.9 
Av. 242.5 321.3 257.5 24.3 
0 to 20.0 312.0 803.3 248.6 5.5 
0 to 20.0 459.2 1395.5 429.9 68.0 
0 to 20.0 591.6 1612.7 1033.1 81.5 
Av. 454.3 1270.5 570.5 51.7 
0 to 18.0 ates 2072.7 
+16.0 to —16.0 89.7 Shad 53.2 
+16.0 to —16.0 139.0 a 69.4 
+16.0 to —16.0 149.4 ims 83.7 
+16.0 to —16.0 245.8 nee 123.3 
+16.0 to —16.0 322.0 
Ay. 
13.0 to —13.0 559.0 : 330.8 
13.0 to —13.0 622.0 369.6 
13.0 to —13.0 1885.2 716.8 
Av. 1022.1 472.4 


WELDING RESEARCH SUPPLEMENT 


Series E and G differed from each other only jn that 
the latter were ‘“‘peened, while still hot, with a royy9. 
nosed pneumatic tool.’’ Series F and H differed jy the 
same way. 

The individual test results are given in Table 1(), 

There appears to be no marked difference in fatigy, 
strength between transverse and longitudinal non-peeneg 
fillet welds, except in the final tests in reversal, wher. 
the transverse fillets excelled. 

The results of the peening are noteworthy. It some. 
what, perhaps even considerably, enhanced the resistanc¢ 
of the transverse fillets, but virtually destroyed that oj 
the longitudinal fillets. This is surely not a result oj 
the weld position. The quotation given above is the 
operator’s description, and is what might be expected 
from any practical man. There must, however, haye 
been a difference in the technique, which this practical 
man did not intend, nor consider of consequence. It js 
conceivable, for instance, that in peening the Series 
specimens the work was largely done in the “blue. 
brittle range.’’ ‘The obvious lesson is that peening must 
not be employed on bridges and similarly stressed struc. 
tures, until a completely adequate and acceptable doc- 
trine and technique have been developed. 


4. Definitive Tests of Fillet Welds 


The test programs above summarized were conducied 
on a somewhat meager basis because they were of a pilot 
nature. For instance, in most series only enough speci 
mens were provided to test on one stress cycle. 

Based on these preliminaries, a more definitive pro 
gram was set up which lasted throughout the year 14: 
and a part of 1944; this was planned to establish the 
fatigue strengths of fillet welds, and of the material con 
nected by fillet welds, on the following schedule: 


Number of Numbe: 

Cycle Cycles Specimens 
Static l 
Tension-to-Equal Compression 100,000 
Tension-to-Equal Compression 2,000,000 
Tension-to-Zero 100,000 3 
Tension-to-Zero 2,000,000 
Tension-to-Tension '/. as great 100,000 
Tension-to-Tension '/, as great 2,000,000 3 
Usually there were provided Spares—3 


Making a total of identical specimens = 


This schedule was reduced in certain series regarded as supp! 
mentary. 


Owing to wartime conditions waich made it i- 
practicable for commercial fabricators to divert the 
efforts into the manufacture of these specimens, thie) 
were for the most part welded at the University labora 
tory. The laboratory mechanic who did the welding 
was capable of passing the A.W.S. qualification tests. 
It is believed that his welds were comparable to those 0! 
commercially employed qualified welders, and were nt 
better than normal because of having been made in @ 
laboratory. 

These specimens were welded in the flat position excep 
as otherwise noted for one case. There seems to be 10 
reason to discount the results for other positions, excep! 
that, and this is particularly apt to apply to the vertical 
position, any fillets that are excessively convex must be 
suspected of impaired fatigue strength by reason o! bad 
geometry. 
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Series 43-6 and 43-6A 
Fig. 20 


5. Unit Fatigue Strength of Fillet Welds 


Two series designed to fail by shearing of longitudinal 
welds are shown in Fig. 20, Series 43-6 being single-pass 
6/\,-in. welds and Series 43-6A being multiple-pass '/2-in. 
welds. 

Upon testing it was found (see Table 11) that both 
the static and fatigue unit strengths of the specimens 
with '/,-in. fillets were notably lower than of those with 
5/.-in. fillets. Examination disclosed thermal cracks 
in the larger welds. A new series, 43-6B, was therefore 
prepared in which the only detail changed was that these 
high thermal stresses and resulting cracks were elimi- 


Table 11 


Number of Thousands of Cycles 
Series 42-6 Series 43-6A Series 43-6B 


Cycle-Unit Stress in 
Kips per Sq. In. Shear 


nated. 
1 


This was done by inserting soft iron wires about 
‘3 in. in diameter and 5 in. long, between the plates 
about '/s in. from and parallel to the edges to be welded. 

The test results from the three series are given in Table 
11. 

More than half of the specimens of Series 43-6B failed 
in the plates; it is therefore quite possible that the cal- 
culated fatigue strength of the weld metal (see Table 14) 
for Series 43-6B should average as high as for Series 43-6. 

Static tests gave the following results in kips per sq. in, 
shear on weld. 


Series 43-6 


Series 43-6A 


Series 43-6B 


f 1/2-In. f 2-In. f 
61.8 42.9 
67.6 47.2 Av of 2 14.6 
Cc 
> 
ne 
= 
I~ pl. /2x1 4 A 2 L 
i) 
L 
Series 43-7, 43-7A 


Fig. 21 


Two series designed to fail by shearing of transverse 
welds are’shown in Fig. 21, Series 43-7 being single-pass 


on Throat of Fillet */w-In. f f */a-In. f welds and Series 43-7A being multiple-pass '/»-in. 
+ - : to —18.0 26.2 << welds. The test results were as shown in Table 12. 
+16.0 to —16.0 bee 122.0 
+16.0 to —16.0 176.0 
+15.0 to —15.0 106.9 
+15.0 to —15.0 447.3 11.8 | Table 12 
+14.0 to —14.0 313.68 
+14.0to —14.0 ae es 387.0 Cycle-Unit Stress in Kips per Number of Thousands of Cycles 
+13.0 to —13.0 je 2916.4 Sq. In. Shear on Throat Series 43-7 Series 43-7A 
+12 0to —12.0 99 2 of Fillet e-In. f 1/,-In f 
+12.0 to —12.0 82.3 +94 0 to —24.0 55.7 
+12. 0to —12.0 129.5 +92 Oto —22.0 22.1 
+12.0 to —12.0 179.3 0 to —22.0 30.6 
+12.0 to —12.0 181.4 +18.0to —18.0 1197.4 
+11.0to —11.0 222 of +16.0 to —16.0 68.0 
+11.0to —11.0 +16.0 to —16.0 133.4 
+11.0to —11.0 1273.3 +16.0to —16.0 $01.4 
+10.0 to —10.0 3483 .8* 283.8 1460. 23 +15.0to —15.0 65.9 
+10.0 to —10.0 1462 25 +15.0to —15.0 198.7 
+10.0 to ~10.0 L510. 08 +14.0 to —14.0 624.4 
+10.0 to —10.0 1860. 8$ +13.0to —13.0 
4 = 4 +12.8to —12.8 1159.6 
9. O07 +12 0to —12.0 197 .2 2417.7 
9.0 to — 9.0 (13.1 +11.0 to —11.0 1110.6 
+ 8.0to — 8.0 287 .7 
+ 8.0to — 8.0 2774.4* 0 to +35.0 10.9 
+ 8.0to — 8.0 3319.4 0 to +30.0 185.9 
+ 6.0to + 6.0 (4001.8) No 0 to +27.0 115.8 
failure 0 to +27.0 893.2 
Oto +25.0 280 60.7 
0 to +31.5 67.2 0 to +20.0 488 4 
0 to +28.0 62.4 0 to +20.0 1003.4 
0 to +27.0 482.7 0 to +20.0 2126.3 
0 to +22.6 230.4 
0 to +22.0 553.3 +23.0 to +46.0 61.0 
0 to +21.7 490.2 to +46.0 1285.4 
0 to +20.0 1381.7 $22.5 to +45.0 234.5 
0 to +20.0 1484.2 + 20.0 to +40.0 a62.7 
0 to +20.0 "9135 Q* +18.0 to +36.0 1865.3 
+22.5 to +45.0 3195.2 +18.0 to +36.0 3476.4) No failure 
+22.0 to +44.0 764.0* to 40.0 ol. 4 
+20.0 to +40.0 1780. 8* 0 to —35.0 10.1 85.9 
+20.0 to +40.0 2093 .9* Oto 387 .6 
+18.0 to +36.0 1720.1* 0 to —35.0 2719.0 
+14.0to +28.0 (3308.7) No 0 to —32.0 0.4 
failure to —32.0 386. 1 
U0 to —31.0 319.7 
* Failed in side plates and not in welds. 0 to —30.0 372.6 142.6 
| One plate was off center. 0 to —27.0 929.0 838.8 
+ Welds only 2%/, in. long. 0 to —25.0 1984.9 1782.9 
) Failed in plate. 0 to —15.0 (3743.1) No failure 
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Static tests gave the following results in kips per sq. in. 
on an area calculated from the external measurements 
of the welds. 


Series 43-7 Series 43-7A 


5/1g-In. f 1/,-In. f 
75.0* 66.5 
78.2 68.8 
82.5 
141.0* 


* After prestressing in fatigue; these being the two specimens 
noted failure’ in Table 12. 


The specimens of Series 43-7A did not, like those of 
Series 43-6A, suffer from thermal cracks. This may be 
due to the end position of the welds causing them to be 
under much less restraint. 


i 


~ 
I-pl. l2xt uf 3 
- nis. 


Series 43-8 and 43-8A 
Fig. 22 


Two series designed to fail by shearing of longitudinal 
and transverse welds in combination are shown in Fig. 
22; Series 43-8 being single-pass °/,.-in. welds and 
Series 43-8A being multiple-pass '/o-in. welds. It was 
hoped through these series to determine whether longi- 
tudinal and transverse fillet welds are additive. 


Table 13 
Cycle-Unit Stress in 
Kips per Sq. In. Shear 
on Throat of Fillet 


Number of Thousands of Cycles 
Series 43-8 Series 43-8A Series 43-8B 


+15.0to —15.0 61.1 80.6 
+i15.0to —15.0 94.9 
+15.0to —15.0 119.8 
+14.0 to —14.0 12.4" 
+14.0 to —14.0 72.9 ees 
+13.0 to —13.0 200.9 p 
+11.0to —11.0 525.0 47.0 
+11.0to —11.0 993 .0 
+10.0to —10.0 334.4 187.1 582.7 p 
+10.0 to —10.0 1664.9 751.1 806.9 
+10.0to —10.0 2391.8* 778.6 849.9 p 
+ 9.0to — 9.0 335. 2t 
+ 9.0to — 9.0 oa 1028.0 p 
+ 8.0to — 8.0 67.8 pink 
+ 8.0to — 8.0 1919.4 
+ 8.0to — 8.0 wie 1996.0 

0 to +30.0 146.4* 

0 to +29.0 149.8 

0 to +27.0 378.0* 

0 to +27.0 521.5 

0 to +24.0 238.2 

0 to +20.0 310.1* 


0 to +20.0 571.7* 
0 to +20.0 ) 


+28.0 to +56.0 
+23.0 to +46.0 71.6°* 


+23.0 to +46.0 651.2* 
+23.0 to +46.0 1101.6* 


+20.0 to +40.0 2106 .2* 
+19.0 to +38.0 2968.2* 
+18.0 to +36.0 1608.1* 


* The welds on these specimens were reduced from 4 in. to 2.75 
in. to ensure weld failure. 

+ Defective plate; disregarded in Table 14. 

p—Failed in plate or in plate and weld. 
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As with Series 43-6 and 43-6A (Fig. 20) it was foun 
that several specimens of Series 43-SA, with three-pas. 
fillets, gave low values because of thermal cracks, anq 
further Series 43-8SB was prepared with inserted soft iro» 
wires. Plate material salvaged from Series 43-SA wa: 
used for Series 43-SB. 

In all three series, 43-8, 43-8A and 43-8B, the welds 
were not continuous around the corners. 

The test results from the three series are given jy 
Table 13. 

Static tests gave the following results in kips per sq. 
in. shear on weld: 


Series 43-8 Series 43-8A Series 43-88 


5 /ye-In. i ‘-In. f 1/,-In. f 
59.7 49.5 
65.7 53.3 


The unit stresses stated for Series 43-8, 43-8A and 
43-8B were obtained by dividing the applied load by the 
sum of the throat areas of the three welds. However, in 
all specimens in Series 43-8 the initial failure was in the 
transverse weld. 

Furthermore, from the inconsistencies between speci- 
mens with 4-in. welds and those with 2.75-in. welds, it is 
not at all certain that the length of weld had a propor- 
tionate influence on the total strength. 

More than half of the specimens of Series 45-SB 
failed in the plates; it is therefore quite possible that the 
calculated fatigue strength of the weld metal (see 
Table 14) for Series 43-8B should average as high as for 
Series 43-8. 

The three Series 43-6, 43-7 and 43-8 are consistent in 
indicating that the side and end weld values are not 
wholly additive. They leave some uncertainty as to the 
comparative unit strength of single-pass and multiple- 


Table 14—Calculated Fatigue Strength of Fillet Welds— 
Summary 


Calculated Fatigue Strength, Kips 
per Sq. In. of Shear on Throat of 
Fillet Weld 


(Main Material in Tension) 100,000 Cycles 2,000,000 Cycles 


Cycle Series Type Av. Min. Av. Min 
Cc Transv. 11.2 10.8 
E Transv. 16.8 15.6 11.8 ‘1. 
F Longl. 15.4 15.0 11.0 10.5 
|43-6 Longl. 16.0 15.1 10.7+ 10.04 
43-6B 16.8 15.5 9.7% 
7 43-7 Transv. 16.2 14.5 11.3 10.1 
43-7A Transv. 18.3 14.4 13.7 2. 
|e 43-8 Comb. 13.1 11.4 9.5 8.5 
i¢ 43-8B Comb. 14.9 14.3 8.0* 7 
(W Longl. 28.8 25.5 
lz Transv. 26.4 22.# 17.3 17.0 
\F Longl. 26.7 24.5 18.7 17.0 
0-to-Max. 443-6 Longl. 28.1 25.0 19.7+ 18 
43-7 Transv. 30.3 26.2 18.54 15 
43-7A Transv. 22.5 22.5 
43-8 Comb. 28.4 22.7 20.0 17.4 
{43-6 Longl. 40.0+7 
-to- | & 
{43-7 Transv. 45.5 43.8 38.04 35.8 
Comb. 53.3 45.3  39.6+ 35 
(Main Material in 
Compression) 
43-7 Transv. 33.2 29.5 25.9 25 
0-to-Max. 7A Transv. 36.7 34.5 28.0. 24.8 


* See remark on page 385-s top of second column, and in tlie 
second paragraph just above. 

¢—Welds not continuous around corners. 

1 No specimens in this category failed in the weld, with values ol 
Max. from 28.0 to 45.0. 
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pass welds, arising from the wartime necessity of using 
previously stressed plates for the 43-6B and 43-SB series. 


6. Comparison of Calculated Fatigue Strength of the 
Several Series 


From each of the individual tests recorded in Table 
10 (unpeened welds only) and Tables 11 to 13, a “fatigue 
strength” at either 100,000 or 2,000,000 cycles was cal- 
culated by the methods of Report No. 2. The average 
and minimum values so calculated are given in Table 14,* 
together with a few values calculated from those speci- 
mens of Series W, Table 1, which failed in the welds, and 
those of Series C, Table 3, which failed in the weld 
throat. Series 43-6A and 43-SA, with some or all welds 
thermally cracked, are omitted. 


7. Dependable Values—Fillet Welds in Shear 


Based on the showing of Table 14 the following are 
proposed as “dependable” values, to be regarded as 
assured under procedures and inspection ensuring full 
penetration, soundness and a normal degree of convexity; 
and to be reduced in design by safety factors suited to 
all the conditions. 


Table 15—Dependable Values of Fatigue Strength of Fillet 
Welds in Shear 


Stress Cycle on 


Main Material 100,000 Cycles = 2,000,000 Cycles 


Full Reversal 11,000 8,250 psi. 
Zero-to-Tension 22,000 16,500 psi. 
Max.-to-!/, Max. Tens. 44,000 33,000 psi. 
Zero-to-Compression 28,000 21,000 psi 


(End fillets alone) 


As a matter of interest the curves of “dependable” 
strength of fillet welds are compared in Fig. 25 with the 
“allowable”’ values by Section 2 of the A.W.S. Specifica- 
tions for Welded Highway and Railway Bridges, 1941. 


50,000 -— - 
| /44.000 
40,000 
730,000 
x 
E 
2 a 
Re, | | ad 
9 
10,000 
8,25 | AWS. Bridge Spec. /94/, 
4,800\-" Formula -4 Min 
S Cc-min +maxo 
+ + + 


Fig. 23—Dependable Values. Fatigue Strength of Fillet 
Weld Metal in Shear. 


If “dependable” values of shear strength of fillet weld 
should be desired at other numbers of cycles than 
100,000 and 2,000,000, they may, in accordance with 


* The individual calculated values will all be found tabulated in the above- 
noted Bulletins of the Eng. Exp. Sta., Univ. of Illinois (see page 379-s). 
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the principles of Report No. 2, be scaled from the full 
lines in Fig. 28. 


8. Fillet-Welded Tee Joints 


A single series to test the strength of fillet welds used 
in a tee-joint was carried out on the 50,000-Ib. machines. 
Details of the specimens are shown in Fig. 24; the test 
results are given in Table 16. All failures occurred in 
the weld metal. 


+ 2 


Series 43-1] 


Fig. 24 
Table 16 
Cycle-Unit Stress in Kips per Number of Thousands of Cycles 
Sq. In. Shear on Throat of Fillet Series 43-11 
+13.0 to —13.0 84.4 
+13.0 to —13.0 101.6 
+12. 0to —12 0 201.9 
+ 9. 0to — 9.0 599.8 
+ 8.0to — 8.0 598.5 
+ 8.0to — 8.0 781.2 
+ 7.0to — 7.0 1106.6 
0 to +20.3 06.7 
0 to +20.3 118.7 
0 to +20.0 
Oto +14.0 196.0 
0 to +12.0 861.1 
Oto +12.0 4 O18 2 
0 to +11.0 736.0 
0 to +10.0 G93 4 
0 to +10.0 41326 .2* 
+15.0to +30.0 313.9 
+14.0 to +28.0 212.5 
+12.0 to +24.0 682.0 
+11.090 to +22.0 668.5 
+10.0 to +20.0 1555.9 


* Did not fail. 
Static tests failed at 59,500, 66,300 and 70,100 psi. weld shear 


The fact that these values lie below those for ordinary 
fillet welds is no doubt due to the fact that the welds are 
subject to an appreciable bending moment, which is 
overlooked when the results are stated in unit shear on 
throat. 

Fatigue strengths, average and minimum, calculated 
from the data of Table 16 are tabulated in Table 17, and 
therewith ‘‘dependable”’ values for design purposes are 
suggested. 


Table 17—Fatigue Strength of Tee Fillets 


Fatigue Strength in Kips per Sq. In. 
of Shear on Throat 


Stress Cycle on No. of Calculated Calculated 
Stem Cycles Av Min Dependable 

, 100,000 13.3 12.5 12.0 
Full Reversal 2,000,000 6.2 5.9 6.0 
f 100,000 19.1 16.6 16.0 
Zero-to-Tension 2,000,000 96 55 0 
Tens.-to-!/. 100,000 36.9 33.8 32.0 

Tens. 2,000,000 17.9 16.7 16.0 


It is natural that these tee-fillet values should in 
general be lower than those obtained from fillets in 
simple shear (Table 14), and it would appear logical to 
distinguish between the dependable values (Table 15 
and Table 17) in writing specifications for design. 
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9. Unit Fatigue Strength of Main Material Connected 
by Fillet Welds 


Because the exploratory tests had indicated that the 
weld arrangement of Series D, Fig. 8, was as efficient in 
developing the plate as any arrangement usually prac- 
ticable for the fillet-weld connection of a plate, Series 
43-1 was planned on approximately the same pattern, as 
shown in Fig. 25. 


| 
| 
A Zz, See Text 
Series 43-1 
Fig. 25 


Because it might be possible for a specimen of this 
design to be made to fail in the weld, preliminary static 
tests were made on four such specimens, two of which 
had '/,in. and two had °*/,-in. welds. The former 
failed in the welds at average shear on throat of 48,300 
and 52,700 psi., respectively. The latter failed in the 
plates, at average shear on throat of weld of 44,500 and 
44,900 psi., respectively, with simultaneous tension in 
the plates of 57,200 and 56,900 psi., respectively. These 
figures could be used in judging the ‘‘balance’’ of a similar 
design for static loading. 

The pilot tests having further indicated that the welds 
would hold up in fatigue, relatively to static behavior, 
better than the plates, the first specimens for the fatigue 
series were accordingly made with '/,-in. welds. But 
some of these broke in the welds, so °/.-in. welds were 
used for the remainder; some of these also broke in the 
welds. 

Test results on specimens of Series 43-1 which broke 
in the welds are given in Table 18. These are not perti- 
nent to this part of the report, but are included for record. 

After it was discovered that most of these specimens 
apparently gave lower fatigue strength of welds in shear 
than Series 43-6, 43-7 and 43-8, the broken specimens 
which could be found were examined and found to be 
seriously deficient in actual weld area as compared with 
the nominal dimensions used in Table 18. These speci- 
mens are not further considered in estimating weld 
strength; but they afford some evidence that this weld 
pattern is nearly balanced between plate failure and 
weld failure, in fatigue as just noted for static testing. 


Table 18 
Cycle-Unit Stress in Kips per Sq. In. 


Shear on Nominal No. of Thousands Weld 

Tension on Plate Weld of Cycles Size 
+14.0to-—14.0 +14.3 to —14.3 50.9 1/, 
+14.0to—-14.0 +14.3to —14.3 56.6 
+14.0to —14.0 +11.3to —11.3 28.4 
+ 8.0to— 8.0 + 8.lto-— 8.1 356.1 
0 to +20.0 0 to +20.4 134.7 1/, 

0 to +20.0 0 to +20.4 138.0 1/, 


Because the exploratory tests (p4ge 382-s) had in- 
dicated greater efficiency of development for channel 
sections than for flat plates, Series 43-2, shown in detail 
in Fig. 26, was designed to fully explore this difference. 
It will be noted in the figure that the opportunity for 
effective development was further improved, at least in 
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L 
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2pls./2x! 
Series 43-2 
Fig. 26 


expectation, by welding the backs of the channels to the 
near edges of the gussets, to assist in reducing eccentric 
ity. 

Failure in Series 43-2 started in each case at the inter. 
section of the '/s-in. transverse weld with the °/ ,,-in 
longitudinal weld, and progressed across the web of the 
channel. 

The testing schedule for Series 43-1 and 43-2 was that 
tabulated on page 384-s. The test results are given 
in Table 19. 


Table 19 


Cycle-Unit Stress in 


Kips per Sq. In. on Main Number of Thousands of Cycles 


Material Series 43-1 Plates Series 43-2 Channels 
+13.0to —13.0 66.3 
+12.0 to —12.0 167.8 
+10.0to —10.0 285.7 116.4 
+10.0 to —10.0 136.3 
+10.0to —10.0 169.4 
+ 8.0to — 8.0 552.6 
+ 7.0to — 7.0 71.9 586.3 
+ 7.0to — 7.0 ‘4 1125.6 
+ 7.0to — 7.0 1224 2 
+ 6.0to — 6.0 1736.1 
+ 6.0to — 6.0 2235.9 
0 to +20.0 129.5 
0 to +20.0 141.1 
0 to +20.0 171.4 
0 to +18.0 74.1 
0 to +16.0 155.4 
0 to +16.0 229.0 
0 to +14.0 414.4 
0 to +14.0 443.7 384.7 
0 to +14.0 676.6 412.0 
0 to +12.0 908.4 474.9 
0 to +11.0 843.9 
0 to +10.5 1412.5 
0 to +10.0 414.1 
+15.0 to +30.0 286.1 
+14.0 to +28.0 360.4 
+12.0 to +24.0 eas 273.9 
+12.0 to +24.0 394.5 
+11.2 to +22.4 825.2 
+11.0to +12.0 687 .0 208.3 
+10.0 to +20.0 1138.4 
+ 9.0to +18.0 981.1 704.6 
+8.65 to +17.3 \ 840.8 
+ 8.0 to +16.0 1548. 1 


Static tests gave the following results in tension pet 
sq. in. of main material: 


Series 43-2 


Series 43-1 
56,100; 57,200 54,050 
56,900 ; 57,200 64,690 


* Preliminary tests with and without this return weld showed that it did 
increase the resistance, but in hardly a significant proportion. (Cycle \ to 
+16.0, N = 229,000 against 155,400; Cycle 0 to 14.0, N = 412, against 
384,700.) 
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it would appear from Table 19 that the endurance of 
double-plane connections may be consistently less than 
that of single- -plane members, dependent perhaps upon 
the effectiveness of the battens or other devices used to 
eliminate the eccentricity between the gusset plates and 
the connected members. 
From each of the individual tests recorded in Table 
. ‘fatigue strength’ at either 100,000 or 2,000,000 
eveles was calculated by the methods of Report No. 2. 
The average and minimum values* so calculated are 
given in Table 20; together with values from prelimi- 
. ary Series D, Fig. 8; from Series V, Fig. 3, which was the 
least efficient pattern of the pilot tests; from Series 5, 
Fig. 11, which was the least efficient pattern for double 
channels back to back in the pilot tests; and from 
Series GA, which was the least efficient pattern for double 
channels in box form in the pilot tests. 


Table 20—Calculated Fatigue Strength of Main Materia! 


Subjected to Tension and Spliced or Connected by Fillet 


el 
Note: All of these specimens failed in the main material) 


Calculated Fatigue Strength, Kips 
per Sq. In. of Axial Stress on Main 


Material 
100,000 Cycles 2,000,000 Cycles 
Cycle Series Material Av. Min. Av. Min. 
Full (43-1 Plate 12.8 11.7 5.7+ 5.1 
Reversal {43-2 Channel 10.55 9.8 6.1 5.55 
Channel 12.6f 12.0 
‘43-1 Plate 22.2 21.4 9.6 9.1 
Plate 23.3 22.2 10.6 10.6— 
)-to-Tension;V Plate 14.5 14.0 
43-2 Channel 16.65 13.1 9.1 7.4 
S Channel 25.2 24.0 12.0 11.5* 
GA Channel 19.5 19.0 
Max. Tens.- { 
to-'/s ) 43-1 Plate 41.1 41.1 16.1 14.6 
Max }43-2 Channel 28.5 25.3 15.6 14.7 
Tens | 


* Inefficient weld pattern as shown in the pilot tests 
+ Calculated by assuming same value for ‘‘k’’ as for Series 43-2. 


In considering this tabulation it must be remembered 
that the weld patterns of Series 43-1 and 43-2 are believed 
to be the best fillet-weld patterns available, and that 
there will be many instances in which a less efficient 
pattern will have to serve. Also, while it is well for the 
designer to realize the greater efficiency of channels over 
plates in single-plane construction, it ‘probably will not 
be practical ‘to introduce the distinction into standard 
specifications. On this basis the following are proposed 
as ‘dependable’ values, to be regarded as assured under 
the procedure and inspection called for by standard 
specifications, and to be reduced in design by safety fac- 
tors suited to all the conditions. 


Table 21—Dependable Value of Fatigue Strength of 
Material Connected by Fillet Welding 


Main Material Not Concentric with Connecting Part 
100,000 Cycles 2,000,000 Cycles 


Full Reversal 9,600 5,400 psi. 
Zero-to-Tension 16,000 9,000 psi. 
lension-to-!/, Tension 24,000 13,500 psi 


* The individual calculated values will be tabulated in a forthcoming 
Bulletin of the Eng. Exp. Sta., Unit. of Illinois. 


For concentric connections, such as a double-shear 
plate splice, increase the foregoing dependable values 
at 100,000 cycles by 20%, with no change at 2,000,000 
cycles. For side or end welds only, or for side and end 
welds not continuous around the corners, make a re- 
duction of from 10 to 30%. 


Dotted line: 


9600 || A.WS. Bridge Spec. /94i, 
tp Formula 5: 
Scale: as for 3 Reqd area = 
Fig.23 | 
-min. 0 +min 


Fig. 27—-Dependable Values in Tension Main Material Con- 
nected by Fillet Weld 


As a matter of interest the curves of ‘“‘dependable’’ 
strength are compared in Fig. 27 with the “allowable” 
values in Section 2 of the A.W.S. Specifications for 
Welded Highway and Railway Bridges, 1941. 

If ‘dependable’ values of fatigue strength of main 
material in tension be desired at other numbers of cycles 
than 100,000 and 2,000,000 they may, in accordance with 
the principles of Report No. 2, be scaled from the dotted 
lines in Fig. 28. 


0 
4,000 
= + a oof 
= ™ oOo 
Cycles 
Full lines, dependable unit stress on fillet weld metal. Dotted 
lines, dependable 1 unit stress on main material connected by fillet 


welds. 


Fig. 28—Variation of Fatigue Strength with Number of Cycles— 
Fillet Welds 


It is obvious from the foregoing that the splicing or 
connecting by means of fillet welds, of members in which 
the axial tensile stress will repeatedly vary by two-thirds 
or more of the maximum, is a dangerous procedure unless 
the unit stresses in the main material are reduced to very 
uneconomical figures. 

It is also evident that in fillet-welded assemblages de- 
signed on the usual allowances for static structures, it 1s 
virtually impossible by repeated or reversed loading to 
break the welds until after the main material will have 
failed. 
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Part II—Plug and Slot Welds 


Unless otherwise stated, the plug and slot welds herein 
discussed conformed to the apparent intention of the 
American Welding Society definition, in that the holes 
were completely filled at the faying surface, and to the 
depth required by the A.W.S. Specification for Welded 
Highway and Railway Bridges.* <A few fillet welds de- 
posited around the periphery of the hole at the faying 
surface, leaving an inner portion of the faying surface 
unwelded, were included, for a comparison with other 
fillet weld behavior. 

Plug welds may be employed for three different pur- 
poses: (1) to hold together the component parts of a 
(say) axially stressed member without transfer of any 
substantial stress—e.g., plug welds joining wide cover 
plates to a rolled column; (2) to transfer gradual incre- 
ments of stress from inner to outer elements of a flexural 
member—e.g., plug welds along the center line of a cover 
plate added to a rolled beam flange; and (3) to assist in 
unloading a (say) axially stressed member at its ends— 
e.g., combination of fillet and plug welds connecting a 
truss member to a gusset plate. 

A slot weld is seldom employed except for the last of 
these purposes—for an example see Series Y, Fig. 4, and 
Series A2, Fig. 13, in Part I. 

Plug welds used for the first purpose indicated, have 
not been included in the following tests of fatigue 
strength. 

Plug (or slot) welds used for the second purpose have 
not been included in the following tests, but may later 
be considered in connection with fatigue tests on flexural 
members. 

Plug and slot welds used for the third purpose are 
alone considered in the following tests, all of which are 
tests of splices or connections used to load and unload 
axially stressed members at their extremities. 

A plug or slot weld thus employed may fail either by 
(1) shearing of the weld at the faying surface, accompa- 
nied by more or less tearing out of a plate surface, or by 
(2) transverse failure of a plate. A third type of failure 
may be conceived of, viz., bearing between plate and 
plug, regarding the latter as a pin or rivet; this concep- 
tion has led to a specification setting an upper limit to 
the ratio of plug diameter to plate thickness. The tests 
served well to predict and establish working values for 
the first two types of failure; they showed the third 
consideration to have a perceptible but not a great in- 
fluence. 

All of the specimens discussed in what follows were 
made in the flat position using carbon structural steel 
(A.S.T.M. A-7) and shielded-are electrodes. The plates 
were obtained from various heats; from the scattering 
nature of the test results there appears to be no correla- 
tion with plate coupon strength and no reason why the 
tests are not representative of any steel conforming to 
the A-7 specification. 


1. Plug Welds Failing by Shear of Plugs 


The “exploratory” and “‘definitive’’ tests of each plug 
weld variable will be grouped in the following: 

The first exploratory tests were made on two-plug 
splices, as shown in Fig. 29. All specimens failed in the 
plugs, usually tearing out the inner plate for a depth of 
1/16 to 1/, in. 

The second exploratory series comprised single-plug 
joints as shown in Fig. 30 and as tabulated in Table 22, 


* Fill approximately flush if material is not over 5/s in. thick; otherwise, 
halfway to the surface but not less than 5/s in. 


390-s 


WELDING RESEARCH SUPPLEMENT 


10x 10x FG 
/-pl. 10 6” PIS 9xz-H 
14x1-I 
if 
0000 & 
2 -F 


Series F, G, H and I 
Fig. 29 


and comprised a search for a correlation between plug 
diameter and plate thickness. All specimens failed by 
shear of the plug, for both static and fatigue tests. 


} 


Series PA to PN 


Diameter of Hole and Thickness of Plates Variable. See Table 


22. 
Fig. 30 
5 ” 
3 
i! 3 
I-pl. I-pl. 14 x3 
| 
i 
Series N 
Fig. 31 


” 


| | 
+ 


Series O 

Fig. 32 


Four series, Nos. N and O, P and R, Figs. 31-34, 
inclusive, were set up with the arrangement of multiple 
plugs as the variable. In many tests of riveted joints 
it has been found that rivets in the arrangements 0! 
Series O and R are much less uniformly stressed in the 
early stages of loading than rivets in the arrangement! 
of Series N and P; although at ultimate load it is usual 
for all the rivets in either type of group to fail simul. 
taneously. Because the tests indicated an unexpected 
(slight) advantage of Series R over Series P, the adi 
tional specimens 42-E and 42-F were added to the pro- 
gram and their behavior was confirmatory. 
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Table 22—Fatigue Strength of Plugs Failing in Shear 
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Series R Series 42-F 
Fig. 34 
These exploratory tests having eliminated plug 


rangement as an important variable, the definitive 
Series 43-3, Fig. 35, was set up with a sufficient number 
of specimens to determine the fatigue strength of the 
plugs on three different fatigue cycles. 


” 


-pis. 
+ 2-pls. 12x53 
Series 43-3 
Fig. 35 


lhe material for Series 43-3 was all close to its average 
coupon values of 40,300 yield point, 63,700 ultimate. 
Carbon varied from 0.20 to 0.25, averaging 0.22. Man- 
ganese varied from 0.37 to 0.56, averaging 0.44. 

Welding procedure comprised a bottom layer with 

win. electrode E6010, reverse polarity, and two subse- 
quent layers with */,.-in. electrode E6012, straight polar- 
ity, each layer being chipped to remove the slag. 

Most of the specimens in Series 43-3 failed by shearing 
of the plugs, and all except one of those which failed in a 
plate showed incipient failure of plug and are reported 
as plug failures. 

The tests of all these series are summarized in Table 
22. Shear of plugs in all cases is expressed by dividing 
the total load at failure by the area of a circle having the 
diameter called for by the drawing (the actual area of the 
hole is frequently greater because of die clearance, and 
the area of fracture greater still because of penetration). 

Referring to Series F and G, H and I, it would appear 
that increasing the size of the plug decreased the number 
of cycles at a common unit stress cycle of 0 to 25,000 psi. 

Referring to Series PA to PD, PE to PI, and PJ to 
PN, in each of which the plug has a constant diameter, 
three is a general tendency for the resistance of the plug 
to improve with increased thickness of plate, but this 
tendency reverses in comparing PG, PH and PI. 

Comparing PC, PG and PK (all '/s-in. plates); PD, 
PH and PL (all */s-in. plates); and PI and PM (all 
‘/-in, plates); there is not a consistent tendency for the 
resistance to fall with increase of plug size. 
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Diam- Cycle-Unit Stress Number of 
Plate Thickness eter in Kips per Sq. Thousands 
Series Inside Outside In. In. Shearon Plug = of Cycles 
F a/, 3/, 3/, 0 to 25.0 268.3 
3/4 0 to 25.0 351.9 
3/5 0 to 25.0 521.7 
380.6 Av 
G . 4 3/5 ] 0 to 45.0 6.5 
3/, 0 to 25.0 67.2 
l 0 to 20.0 270.8 
H 3 4 4 l 0 to 25 0 112 3 
0 to 25.0 144.9 
3/, 3/4 l 0 to 25.0 246.3 
167.8 Av. 
I 1'/s 0 to 25.0 51.3 
. 4 1! 2 0 to 25 0 67 | 
1'/s 0 to 25.0 76.6 
65.0 Av. 
PA i 4 16 0 to 27.5 36.9* 
13/16 0 to 23.0 
1 13/1, 0 to 20.0 87.8 
1 13/6 0 to 20.0 94.8 
91.3 Av. 
PB 1/s 4 13/16 0 to 20.0 149.3 
3/, 1 0 to 20.0 150.9 
3/. 0 to 20.0 158.4 
3/5 0 to 20.0 192.4 
162.8 Av. 
PC 1 1 13/\6 0 to 20.0 178.1 
13/16 0 to 20.0 230). 7 
0 to 15.0 1996. 4* 
Static 50,250 104.4 Av. 
PD 5/, 5 13/16 0 to 20.0 95.3 
5 13 - 0 to 20.0 150. 
13/16 0 to 20.0 144.2 
Static 54,000 29.8 Av. 
PE 1 ‘ 15 16 0 to 5 
1 4 15 0 to 20.0 
1/, ‘ 0 to 20.0 173.5 
Static 48,000 110.0 Av. 
PF 16 0 to 20.0 
! 6 0 to 20.0 118.2 
0 to 20.0 167.2 
123 3 Av 
PG ad 0 to 20.0 124.3 
i 0 to 268.3 
16/ 0 to 20.0 345.9 
Static 50,000 246.2 Av 
PH 15 0 to 20.0 70.9 
5 15/16 0 to 20 0 168.7 
5 5/. 15 0 to 20.0 
Static 49,300 179.2 Av. 
PI 3 3/, 15 16 to 4 
a/, a/, 15/16 0 to 20.0 116.0 
15/16 0 to 20.0 353.4 
Static 57,600 185.3 Av 
PJ 3/, 0 to 20.0 68.1 
1/, 3/, 0 to 20.0 69.0 
l/, 3/, 0 to 20.0 84.8 
Static 48,650 74.0 Av 
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Table 22 (Continued) 


Static 48,800 


0 to 
16 0 to 20 
0 to 


Static 49,300 


/ 7 1/16 0 to 20 
3/4 1*/i¢6 0 to 20 
3/, 1'/i6 0 to 20 


Static 51,300 


PN 0 to 15 
7/s 0 to 20 
1! 16 0 to 20 

Static 47,900 
N 1/, 15 ‘16 0 to 20 
3/4 15/16 Oto 15 
a/, 15/14 0 to 15 

Static 41,800 
O 1/s 15/16 0 to 15 
3/4 15/\4 }to 15 
V/s 15/16 0 to 15 


P 3 4 1 , 15 16 0 to 


Diam- 
Plate Thickness eter in Kips per Sq. 
Series Inside Outside In. In. Shear on Plug 
PK 1/4 1/, 11/16 0 to 15.5 
1/5 0 to 20.0 
"/2 V/s 11/16 0 to 20.0 


0 
0 
.O 


6 
0 
0 


0 


0 
0 
0 


0 


2 15 
3 4 } a 15 16 Oto 15.0 
15/16 0 to 15.0 
Static 43,850 
R 1/, 15 0 to 15.0 
3/4 18/16 0 to 15.0 
3/, 1/, 0 to 15.0 
42-E 3/4 1/, 15/\¢ 0 to 20.0 
3/, 0 to 20.0 
1/5 15/16 0 to 20.0 
42-F 3/, 1/, 15 16 0 to 20.0 
1/s 15/14 0 to 20.0 
/4 1/9 19/16 0 to 20.0 
42-E 3/, 1 2 15 16 0 to 14 0 
3 15 ‘16 9 to 14.0 
3/4 18/6 0 to 14.0 
42-F 58, 15 0 to 14.0 
1/, 18/16 0 to 14.0 
/2 18/16 0 to 14.0 
42-E 15/16 +14.0to —14.0 
3/4 +14.0to —14.0 
3/, 1/4 15/16 +13.0to —13.0 


Cycle-Unit Stress Number of 


Thousands 
of Cycles 


190.7* 


279.6 Av. 


1439.9* 
212.9 
372.8 


292.8 Av. 
80.6* 


194.3 
656.1 
2 


bo 


394.6 Av. 


1305. 
1565. 8t 
1645.0f 


1505.3 Av. 
114.2 
238.9 
245.7 


199.6 Av. 
239.4 
258.9 
287 .9 
262.1 Av. 
1019.3 
1287 .0 
1371.3 
1225.9 Av. 
846.0 
1109.2 
1946.2 
1300.5 Av. 

37.9 

60.0 
115.3* 


49.0 Av. 
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Diam- Cycle-Unit Stress Numbe, 
Plate Thickness eter in Kips per Sq. Thousg; 

Series Inside Outside In. In. Shear on Plug of Cycjp 
42-F 3/4 18/16 +14.0to —14.0 23.5 
+14.0 to —14.0 90.4 

*/4 +12.0to—-12.0 84.9% 

7.0 Ay 
42-E +9.0to— 9.0 340.5 
1/, +9.0to—9.0 8471 
3/4 + 9.0to— 9.0 1133] 


43-3 


+14.0 to —14.0 
+11.0to —11.0 111.7 
+ 9.0to — 9.0 338.5 
+ 7.0to — 7.0 778.8 
+ 7.0to— 7.0 1183.3 
+ 7.0to — 7.0 1675.7 
+ 7.0to— 7.0 1980.2 

0 to 24.0 54.4 
0 to 22.0 136.3 
0 to 20.0 292 

0 to 15.0 587 . 
Oto 15.0 729.9 
0 to 15.0 853.0 
0 to 13.0 1831.8 
0 to 13.0 2004 


15.5 to 31.0 905.5 
15.0 to 30.0 
14.0 to 28.0 
12.0 to 24.0 1315.1 
12.0 to 24.0 1714.7 
12.0 to 24.0 


* Not included in average because of difference in the stress cye! 


+ Failed in inside plate 
t Failed in outside plate. 


The '*/i-in. plugs in '/,-in. outside plates, also the 
plugs in and */s-in. and the 1'/j,-in. hole: 
in */s-in. (Series PA, PE, PF, PJ), violate the restrictio 
(A.W.S. Specifications for Welded Highway and Railw 
Bridges, 1941) that the plug diameter shall not exceed 


91 


sistance; but Series PK, which conforms, is no better 


All in all, it can be said that the restriction of plug siz 
to a constant multiplier (as 2'/,) of the plate thickness is 
made to appear reasonable, but not closely established 


by these tests. 


Comparing Series F to I with Series PA to PN, 
would appear that the first, or two-plug groups, witli 
stood as many cycles on 0 to 25,000 psi. as the second, or 
Plug welds 
do not clamp the plates, and there is a possibility that the 
flexural stress in the plugs was greater for the one-plu 
than for the two-plug joints, and that this accounts for 


one-plug groups, withstood at 0 to 20,000. 


the lesser fatigue strength of the former. 


Comparing Series N (two plugs in line) with Series 0 
(three plugs in line), the former makes a slightly poorer 
showing in static test; the fatigue tests are inconclusiv' 
But similarly compat 
ing Series P (two plugs in line) with Series R (four plugs 
in line) there is unmistakable superiority in fatigue for 


for lack of sufficient specimens. 


the latter. 


Because this had not been anticipated, Series 42-! 
(two plugs in line) and 42-F (four plugs in line) were pre- 
pared in greater quantity and tested on four different 
The results were a virtual stand-ol!, 
conclusively proving that with plug welds as with rivets, 
in. medium steel the overstress on the end plugs of long 
rows during elastic behavior disappears in the plasti¢ 


cycles (Table 22). 


range and has no effect upon ultimate strength. 


2'/, times the thickness; and all show relatively low r 
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57.9 
97.6 
77.7 Av. 
PI, 5/s 5/s 1! 0 109.4 
5/, 0 135.7 (40.0 Ay 
5/s 1! 0 227.2 42-F 6/6 +9.0to— 9.0 772] 
3/, 1/, 15/16 + 9.0to— 9.0 854.7 
157.4 Av 3/4 V/s + 9.0to— 9.0 1253.7 
960.2 Ay 7 
PM 115.1 1/ 
147.1 
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Ful 
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ichown in Table 23. 


Referring to the definitive tests (on a constant speci- 
men) of Series 43-3, if the number of cycles endured be 
compared with those endured on the same stress cycle 


Phy any of the preceding (exploratory) Series in Table 22, 
‘there is no serious disagreement. 


Fatigue strength at 
190,000 and 2,000,000 cycles have been calculated, by 


ithe principles of Report No. 2, for all of the tests of 


Series 43-3, and the average and minimum values are 
In this table there also are tabulated 
the minimum values from any of the other series, cal- 
culated by assuming the same S/N curve to hold as for 
Series 43-3. 


Table 23—Fatigue Strength of Plug Welds in Shear 


Calculated Fatigue Strength, Kips per 
Sq. In. Shear 
100,000 Cycles 2,000,000 Cycles 


Series and Cycle Av. Min. Av. Min. 
43-3 

Full Reversal 11.3 11.2 6.5 5.8 

Zero-to-Max. 23.1 21.4 12.6 11.9 

\/, Max.-to-Max. 23.9 22.2 

Full Reversal 7.5t 
P 


Zero-to-Max. 20. 0t 11.0f 


* Calculated from strength at 2,000,000 cycles by assuming same 
S/N curve form as for the other cycles. 
+ Assuming same form of S/N line for these Series as for Series 


On comparing the above tabulated shearing fatigue 
strengths with those recommended in Table 15 as de- 
pendable for fillet welds in shear, it is found that up to 
00,000 cycles the latter could be used also for shear on 
plug welds; but that as the cycles increase toward 
2,000,000 there is an important reduction of plug weld 
below fillet-weld strength, which should not be over 
looked by designers. The dependable values of Table 
) for 2,000,000 cycles should be reduced one-fourth in 
the case of plug welds. 


22,000 


1,000 
= Dotted /ine: 
6,000Y 1| A.W.S. Bridge Spec. /94/, 


\\ Formula 9: 

Scale: as for Fig.23 | Req'd area 7200 
—-min. 0 +min. 


Fig. 36—Dependable Values. Fatigue Strength of Plug Welds 
in Shear 


As a matter of interest the curves of “dependable” 
strength of plug welds recommended in the preceding 
paragraph are compared in Fig. 3€ with the ‘‘allowable’”’ 
values by Section 2 of the A.W.S. Specifications for 
Welded Highway and Railway Bridges, 1941. 

lf “dependable”’ values of shear strength of plug welds 
should be desired at other numbers of cycles than 100,000 
and 2,000,000, they may, in accordance with the prin- 
- age of Report No. 2, be scaled from the full lines in 
‘1g. 39. 
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2. Fatique Strength of Plates Connected by Plug 
Welds 


For convenience in testing, the plug weld specimens 
were made as double-shear splices, that is, an inner plate 
was connected to two outer plates, one on each face of 
the inner plate, by plug welds through the two outer 
plates. In this way transverse tension was practically 
eliminated from the faying surfaces, as compared with 
what it would have been had only two lapped plates 
been used. 

In most applications, one outer plate will be plug 
welded to a substantial inner body, such as an I-beam of 
some depth, and substantial transverse tension will not 
exist. The behavior of the plugs in shear will be simu- 
lated by the tests reported just above. The second criti- 
cal factor will be the failure of the plate in tension. This 
was accordingly simulated by testing the behavior of the 
outer plates of three-plate specimens PS, PT, PU as 
shown in Fig. 37. 

Other specimens PO, PP, PR as shown in Fig. 37, were 
designed to break in the center plate; simulating a de- 


Plate Thickness 
Specimen No,.———~ Diameter Outside Inside 
To fail in I.S. PO 
Pit. PP 3/5 
S. PS 13 14 16 
Pit. PT 18 16 4 o/s 
Fig. 37 
4" 
43-4, I-pl.12x3 
+ 43 5, 2-pls.l2xz 
Ser 43-4 and 43-5 
Fig. 38 
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is) 2 o =) > 
=) o © © 
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= m o 66 
m + 
Cycles 
Full lines, dependable unit stress on nominal plug area. Dotted 
nes, dependable unit stress on main material nected by plug 


Fig. 39—Variation of Fatigue Strength with Number of Cycles— 
Plug Welds 
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sign arrangement which is possible though it will prob- 
ably be infrequent. 

As in the case of the specimens designed to fail by 
shearing of the plugs (Series 43-3), other specimens were 
made in quantity, in accordance with Fig. 38 for testing 
on three cycles for failure in the plates. 

Specimens 43-5, Fig. 38, were designed to fail in the 
outer plates; Specimens 43-4 to fail in the inner plates. 


Table 24—Fatigue or = Plug-Weld Joints Failing in 
ates 


Number of 


Cycle-Unit Stress in Kips per Sq. In. Cyeles in 


Series of Tension on Gross Area of Plate Thousands 
I. Failure in Outside Plate* 
PS 0 to 25.0 406.7 
0 to 25.0 459.7 
0 to 25.0 605.3 
PT 0 to 25.0 121.0 
0 to 25.0 145. 
0 to 25.0 248.2 
PU 0 to 25.0 199.9 
0 to 30.2 44.5 
62.5 
43-5 —16.0 to +16.0 80.8 
43-5 —15.0 to +15.0 81.2 
43-5 —14.0 to +14.0 72.8 
43-5 —11.0to +11.0 256.9 
43-5 — 7.0to+ 7.0 472. 2t 
43-5 — 7.0to+ 7.0 1504.1 
43-5 —- 7.0to+ 7.0 1630.7 
43-5 — 7.0to+ 7.0 1683.9 
43-5 0 to 25.0 89.8 
43-5 0 to 24.0 122.7 
43-5 0 to 24.0 131.8 
43-5 0 to 16.0 $11.5 
43-5 0 to 16.0 4175.8 
43-5 0 to 14.0 835.6 
43-5 0 to 13.0 1744.7 
43-5 +17.0to +34.0 509.6 
43-5 +15.0 to +30.0 613.9 
43-5 +15.0 to +30.0 $11.2 
43-5 +14.0 to +28.0 1939.6 
II. Failure in the Inner Platet 
PO 0 to 25.0 118.9 
0 to 25.0 164.8 
0 to 25.0 169.3 
PP 0 to 25.0 104.6 
0 to 25.0 105.1 
0 to 21.4 177.4 
PR 0 to 25.0 85.7$§ 
0 to 25.0 108. 6§ 
0 to 25.0 193.3 
43-4 —15.0 to +15.0 93.0 
43-4 —15.0 to +15.0 95.3 
43-4 —13.0 to +13.0 118.5 
43-4 —10.0 to +10.0 261.7 
43-4 —10.0 to +10.0 264.5 
43-4 — 7.0to+ 7.0 935.5 
43-4 — 6.5to+ 6.5 941.4 
43-4 — 5.6to+ 5.6 3259.6 
43-5 —5.25 to +5.25 993.1 
43-4 0 to +27.0 63.1 
43-4 0 to +26.0 144.2, 
43-4 0 to +24.0 130.3 
43-4 0 to +14.0 492.0 
43-4 0 to +12.0 2285.2 
43-4 0 to +11.0 1388.5 
43-4 0 to +11.0 1622.3 
43-4 +17.0 to +34.0 240.7 
43-4 +17.0 to +34.0 285.5 
43-4 +12.0 to +24.0 1185.3 
43-4 +12.0 to +24.0 1402.6 
43-4 +11.0 to +22.0 1363 
43-5 +10.5 to +21.0 1935.2 


* Static tests failed at 61,600, 62,100 and 6,000 psi. in the outer 
plates, at a short distance from the plugs. 

t Microscopic analysis showed an excessive number of blow- 
holes. This specimen disregarded in Table 25. 

t Static tests failed at 65,400 and 66,100 psi. in the inner plate. 

§ Failed in plug. 
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The position and technique of manufacture were ,. 
recorded above for Series 43-3. : 

The test results are given in Table 24. 

There was in general a better consistency among th, 
plug-weld tests recorded in Series 43-3, 48-4 and 49: 
than had previously been found for fillet welds. ‘py; 
may be because the variations of form are under much 
closer control during laying of the weld metal. 

The fatigue strengths of plates attached by plug welds 
computed in accordance with the principles of Repor 
No. 2 for failure at 100,000 and at 2,000,000 cycles, ar 
recorded in Table 25. 


Table 25—Fatigue Strength of Plates Connected by Plug 
Welds 


Fatigue Strength of Plates in Kips pe: 
Sq. In. of Gross Area of Plate 
100,000 Cycles 2,000,000 Cyel 


Series and Cycle Av. Min. Av. Mir 
Outside Plates, Series 43-5 
Full Reversal 14.1 12.9 6.6 6.5 
Zero-to-Tension 24.2 21.2 11.2 
Tension-to-'/, Tension 24.6 
Inner Plates, Series 43-4 
Full Reversal 14.2 13.7 §.3 5.0 
Zero-to-Tension 26.3 23.1 10.1+ Sf 
Tension-to-!/. Tension 47.1 45.8 20.2 


* Calculated from strength at 2,000,000 cycles by assuming sam 
S/N curve form as for the other cycles. 

+ One specimen in Series 43-5 = 4.1. 

t One specimen in Series 43-5 = 20.6. 


By comparing Table 25 with Table 21 it is seen that 
the ‘‘dependable’”’ values for plates connected by fillet 
welding are also dependable for plates connected by plug 
welds, whether the plates lie on the outside or in the 
interior of the joint. 

The dotted lines in Fig. 39, are the dependable values 
of tensile strength of plates connected by plug welds 
and are in the same locations as on Fig. 28. 


3. Slot Welds 


Tests were made of the fatigue strength in shear o/ 
the metal deposited in slots. Tests of the fatigu 
strength in tension of the plates connected by slots wer 
considered unnecessary, in view of the tests recorded in 
the last four tables and the conclusion reached just 
above; this idea, it will be seen, was not borne out by 
the tests. 
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Series 43-12 
Fig. 40 
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Series 43-13 
Fig. 41 
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The slots in Series 43-12 were arranged with the long 
axis longitudinal, as shown in Fig. 40. 

The slots in Series 43-13 were arranged with the long 
axis transverse, as shown in Fig. 41. 

The slots were of equal area in the two series, and the 
plates were made of a thickness expected to ensure failure 
of the welds. 

However, this result was not entirely attained. In 
Series 43-13 failure occurred about as often in the plates 
asin the welds; in Series 43-12 it appeared almost always 
in the plates, though examination revealed that usually 
the weld was also cracking. 

The results of the individual tests will not be given 
in this Report.* The average and minimum fatigue 
strengths, calculated in accordance with the principles 

f Report No. 2, are given in Table 26. 

Comparing the weld strengths of Table 26 with the 
dependable’ values of Table 15, and the plate strengths 
with the ‘‘dependable”’ values of Table 21, it is seen that 
slot welds, whether longitudinal or transverse, cannot 
practicably be used to carry computed shear across the 
laying surface, except in the case of steady loads. This 
case is, of course, entirely distinct from that of fillet welds 
in slots forming a part of an end connection (Fig. 4 and 
lable 2). 

Static tests gave results as follows: all failed by shear- 
ing of the weld metal, but in Series 43-13 the plate was 
commencing to crack. 


Strength in Pounds 
Sq. In. 
of Tension in Plate 
20,930; 31,260 
28,045; 28,370 


Ultimate Static per 


of Shear on Weld 
54,610; 55,150 
49,315: 49,890 


Series 43-12 
Series 43-13 


Part IJ—Miscellaneous Tests 


1. Fillet Welds in Circular Holes 


In many applications it is considered adequate to 
employ an incomplete plug (or slot) weld, comprising 
only a single fillet around the periphery at the faying 
surlace, the remainder of the hole remaining empty. 
the A.W.S. Specifications for Welded Highway and Rail- 
way Bridges, 1941, Art. 217C, stipulate that such fillet 
welds in holes (or slots) shall be computed as fillet welds, 
using for the effective length of throat the length of the 
center line of the weld through the center of the plane 
ol the throat. It was desired to check upon the appli- 
cability of this design rule. 


'* They will be given in full in « forthcoming Bulletin of the Eng. Exp. Sta., 
Univ. of IMlinois 
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Table 26—Fatigue Strength of Slot Welds in Shear 


Series and Cycle Av. Min. Av. 
Longitudinal Slots, Series 43-12 
Full Reversal 12.0 6.8 
Zero-to-Max. 27.9 25.0 11.1 
1/, Max.-to-Max. 22.2 
Transverse Slots, Series 43-13 
Full Reversal 10.0 9.15 5.3 
Zero-to-Max. 20.0 18.7 10.2 
1/, Max.-to-Max. 19.6 


FATIGUE STRENGTH OF FILLET, PLUG AND SLOT WELDS 


— —Fatigue Strength in Kips per Sq. In. 
of Shear on Weld Metal in Slot 
2,000,000 Cycles 


of Tension on Failed Plate 
100,000 Cycles 2,000,000 Cycles 


Min. Av. Min. Av. Min 
6.3 9.0 8.7 3.5 3.¢ 
10.6 16.0 14.5 6.4 6.1 
20.8 12.6 11.6 
4.7 5.7 5.6 3.0 2.5 
10.1 11.4 10.7 5.8 7 
18.1 11.0 10.2 
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Detail A 
Series 42-A and 42-B 
Fig. 42 


Four specimens each were made in accordance with 
Series 42-A and 42-B, Fig. 42. Series 42-A was a close 
approach to a plug weld, typical except for the incom- 
plete filling and hence an apparent lack of backing-up for 
the load on the side walls. Series 42-B was spread to 
lose resemblance to a plug weld and to become a typical 
fillet in a hole. In Series 42-A the conical area defined 
in the specification above referred to was 99.3° % of the 
area of the circular hole at the faying surface; in Series 
42-B it was only 83.0°). 

One specimen of each was tested statically, and three 
on the cycle zero-to-maximum shear. 

The static shearing strength was computed on three 
different assumptions of critical area, as stated in Table 


Table 27—Static Shear Strength of Fillet Welds in 


Circular Holes 


In psi., based on 
Area of Hole in Area at Root of Fil 


Area of Hole in Outer Plate Less let in Accordance 


Series Outer Plate Unwelded Area with A.W.S. Spec 
42-A 45,400 45,700 $5,300 
42-B 39,600 47,700 55,900 


Inasmuch as both static failures were by shear on the 
welded area at the faying surface, and inasmuch as the 
unit static shears computed on the nominal welded area 
at that surface (middle column, Table 27) agreed reason- 
ably with one another and with the static shearing 
strength of regular plug welds recorded in Table 22, it 
would seem that the above-quoted specification rule for 
critical area is under suspicion as too conservative until 
more tests can be made. 

The six fatigue tests are recorded in Table 28. 

All specimens broke in the weld metal at the faying 
surface, tearing metal out from the interior plate. 

There are too few tests here for the drawing of final 
conclusions, but four indications may be noted, for 
possible further examination in the future. 

l. Series 42-A, typical plugs except for omission of 
filling, are seen by comparison with Table 23 to have 
about the minimum fatigue strength there recorded 
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Table 28—Fatigue Tests of Fillet Welds in Circular Holes 
Cycle-Unit Stress in Kips per Sq. In. Shear on Weld 


— Based on——— 
Area of Hole Area of Throat 
Less of Fillet Number of 
= Unwelded by A.W:S. Thousands 
Series Area of Hole Area Spec. Rule of Cycles 
42-A 0 to 20.0 0 to 20.6 0 to 19.9 90.4 
0 to 20.0 0 to 20.6 0 to 19.9 101.2 
0 to 20.0 0 to 20.6 0 to 19.9 179.4 
123.7 Av. 
42-B 0 to 20.0 0 to 24.1 0 to 28.2 115.0 
0 to 20.0 0 to 24.1 0 to 28.2 136.5 
0 to 20.0 0 to 24.1 0 to 28.2 151.3 
134.3 Av 


(100,000 cycles at 0-to-21.4 ksi.) for standard plugs. It 
is virtually indifferent what area is used for computing 
their strength, since the three areas happen to be almost 
identical. Where transfer of important calculated shear 
is desired, the holes should be filled. 

2. The weld volumes of Series 42-A and 42-B are 
practically identical, but the total load which Series 42-B 
endured for 115 to 151 thousand cycles was 1.71 times 
that which 42-A endured for 90 to 179 thousand cycles. 
The more open type is therefore more efficient in use of 
weld metal. 

3. Series 42-B is seen by comparison with Table 23 
to have a high fatigue value compared with solid plugs 
based on the area of hole less unwelded area, and an ex- 
ceptionally high value if based on the throat area as 
defined in the bridge specification. The area of hole less 
unwelded area seems to be the better assumption for the 
area on which to allow the permissible weld shearing 
stresses of design specifications. 

4. The area in question (area of hole less unwelded 
area) for Series 42-B is 0.736 sq. in., and the volume of 
weld metal is 0.131 cu. in. The area of an equivalent 
standard plug weld is the same, and the volume 0.230 
cu.in. Therefore fillet welds in circular holes with sub- 
stantial unwelded centers are economical where appli- 
cable. 

This reasoning, and that of item 2 above, will be modi- 
fied if the net tensile area of the plate containing the hole 
or holes is critical. 
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Series 42-K and 42-L 
Fig. 43 


Tests were made to compare the fatigue strength of 
plates with standard plug welds and with fillets in holes, 
the specimens being as shown in Fig. 43. The design 
was intended to give failure in the outside plates. The 
test results are given in Table 29. « 

This was obviously an unsatisfactory series, giving 
plate values well below the consistent results of Series 
43-5, Table 24, and with the first three specimens tabu- 
lated failing in the plugs well below the minimum value 
recorded in Table 23 for many plug-weld tests. No 
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Table 29—Fatigue Strength of Outside Plates. Plug Welds 
vs. Fillet Welds in Holes 


Thousands of Cycles 
Plug Welds Fillet Welds 
Series 42-K Series 42-1 


Cycle-Unit Stress in Kips per Sq. In. 
on Gross Area of Outside Plates 


0 to 20.0 49.4* 
55. 5t 
69.4t 
0 to 14.0 263.5 174.4 
640.0 
1001.4 223.1 
0 to 10.0 875.3 


* Broke in plugs and plate. 
+ Broke in plugs. 


conclusions can be drawn from this Series report except ) 
that, using the same diameter of hole, there is a gain in 
fatigue strength by filling the hole. 


2. Exploratory Tests on Restitution of Net Section of | 
Riveted Tension Members 


One important finding of the San Francisco-Oakland 
Bay Commission program of static tensile tests on larg: 
riveted joints (Davis, Woodruff and Davis, 77ran 
A.S.C.E., 1940, p. 1193) was that the efficiency of such 
a joint cannot much exceed 75%, as related to the gross 
strength of the material. The Committee felt it im- 
portant to make a pilot investigation as to the possibility 


of restoring the lost 25% by welding on additional ma- & the tr 
terial near each splice or connection of a riveted member, I rive 


in such amount that the net area through the original and 

added material should equal the gross area of the main 

material. 
There could be little hope that this expedient would be 

wholly valid in the presence of a widely fluctuating load, 

considering the adverse effect of fillet welds on plates in 

tension already discovered and exhibited in the foregoing 
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Fig. 45 


Two series were designed: Series L with welded fillers 
not projecting beyond the riveted splice plates, «1 
Series M with the fillers projecting. In both series the 
fillers were discontinuous at the splice point. 

A third series, Series J, was identical with Series | 
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in both Series L, Fig. 44, and Series M, Fig. 45, the 
rea of main material was 6.75 sq. in. and the com- 
net area of main material and welded fill plates 
50 sq. in.; in Series J the net area was 4.50 sq. in. 
ra loss of 33!/3° (all as calculated by standard specifi- 
\tions). 

Three specimens in each series were tested on a 0-to- 
tension cycle, and one specimen in each series was given 
astatic test. The results are given in Table 30. 
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Table 30 


Number of 
Thousands 
of Cycles 


Cycle-Unit Stress in Kips per Sq. In. 
on Gross Section of */,-In. Plate 


Series 
| 0 to +30.0 37.6 
| 0 to +27.0 226.6 
J 0 to +27.0 234.6 


230.6 Av.* 
245.6 
336.0 
429.8 


0 to +27.0 
0 to +27.0 
0 to +27.0 


337.1 Av. 


M 0 to +27.0 213.2 
M 0 to +27.0 244.97 
M 0 to +27.0 286.3 


248.1 Av. 


* Excluding the first test at 0 to +30.0. 

+ Broke in a bolt hole at testing-machine head, away from the 

All other L and M specimens broke at the outside edge of 

the transverse fillet welds. All J specimens broke in the outer row 
f rivet holes in the */,-in. plate. 
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Static Tests 


Kips per Sq. In. of Tension on 


Series Gross Section of #/,-In. Plate 
J 15.4 
K 61.6 
60.9 


It will therefore be seen that: 

|. Such a riveted joint, whether reinforced or not, is 
more efficient on the 0-to-tension cycle than any of the 
many different designs of fillet-welded or plug-welded 
connections tested in this program (Tables 2, 3, 20, etc.) 


2. The fillet-welded reinforcement adds only neg 
ligibly to the efficiency on the 0-to-tension cycle, hence 


presumably under any widely fluctuating loads (fatigue 
conditions). 

3. The fillet-welded reinforcement is successful in 
restoring 100% efficiency to a riveted joint under static 
loading. 

This third conclusion, while lying outside the field of 
fatigue strength, and possibly not within the scope of 
this Report, may be dev eloped into something of con- 
siderable economic value in the field of statically, and 
hear-statically, loaded structures. 
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A similar small program was carried out, using plug 
instead of fillet welds to develop the reinforcing fillers. 

The specimens with plug-welded fillers conformed to 
Series B, Fig. 46; the similar specimens of Series K, 
without fillers, conformed to Fig. 46 as to the main ma- 
terial and the arrangement of the six rivets; and there 
fore they were identical with Series J, Table 30 

The results of the tests are given in Table 31 


Table 31 

Number of 
Cycle-Unit Stress in Kips per Sq. In Thousands 

Series on Gross Section of */,4-In. Plat: of Cycl 
B 0 to 25,000 383,900 
0 to 25,000 597 
0 to 25,000 1,024,500 
K 0 to 25,000 315.900 
0 to 22,000 138,000 
0 to 22,000 1,015,000 


All reinforced specimens Series B failed in a *#/,4-in 
main plate on a section through the center of plugs. 

Although unfortunately the same stress cycles were 
not employed for Series B as for the specimens with 
fillet-welded reinforcing fillers (Series L and M, Table 30), 
the results indicate that the plugs were neither better nor 
worse than the fillets. The comparison between Series 
K and Series J appears reasonable. In this series, as in 
the prior series, there is an average improvement 
in fatigue capacity due to the reinforcing fillers, but not in 
every case and not to a consequential degree. 


3. Fatigue Strength of Continuous Plates Under 
Tensile Stress -As Affected by Fillet Welded 
Attachments 


It is often convenient (as for the 
to weld or rivet a plate, angle or other 
main material subject to axial stress; 
rivets or welds lying in lines at right angles to the line of 
action of the stress in the main material. The weakening 
effect, under repeated loading, of such attachments was 
the subject of the following study.* 
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Specimens with welded attachment on one side con 
formed to Series Type II, and those with attachments on 
both sides to Series Type III, Fig. 47. Comparable 
specimens of continuous plate with mill scale on and with 
no attachments were designated as Type I. 

The specimens with riveted attachments conformed 
to Series Type R, Fig. 48. 

All specimens were tested on the same cycle, 
reversal. The results of the individual tests 
in Table 32. 
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* Certain of these tests are reported in full detail in ng 
Exp. Sta., Univ. of Illinois, pp. 63-79, and the other 
pp. 71-79. In both Bulletins, comparable tests on 


alloy steel also are reported. 
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Table 32—Effect of Transverse Attachments Upon Plates in 
Tension 
Cycle-Unit Stress in Kips per 


Sq. In. of Gross Section Thousands of 


Series Type of Main Plate Cycles 
I. Plain 28.0 to —28.0 72.9 
+28.0 to —28.0 46.3 
+26.0 to —26.0 308. 5* 
+24.0to —24.0 195.8* 
+24.0 to —24.0 100.4 
+24.0 to —24.0 93.9* 
II. Transverse Welds +21.0to —21.0 563.9 
One Side +20.0 to —20.0 1186.5 
+20.0 to —20.0 1478.6 
III. Transverse Welds +21.0to —21.0 32.3 
Both Sides +21.0to —21.0 151.7 
+21.0to —21.0 215.6 
+17.5to —17.5 434.4 
+15.0 to —15.0 754.2 
+14. 0to —14.0 1687 .7 
Do., Plates Gal- +16.0 to —16.0 90.5 
vanized +16.0 to —16.0 189.6 
+16.0 to —16.0 201.9 
+12.0 to —12.0 726.8 
+12.0 to —12.0 841.8 
+11.0 to —11.0 1494.8 
R, Transverse Rivets +20.0to —20.0 26.3 
(Plates Pickled and +16.0 to —16.0 86.1 
Painted) +16.0to —16.0 90.1 
+14.0to —14.0 379.9 
+12.0to —12.0 1434.9 


+12.0 to —12.0 1861.9 


* Broke at shoulder of specimen. 


Not all of the plates used in these specimens were 
from the same heat of steel, but all were on the low side 
of usual bridge steel, tensile coupons showing from 
58,100 to 64,100 psi. 

Fatigue strengths were calculated by the approximate 
method explained in Report No. 2, and the average and 
minimum values are recorded in Table 33. However, 
none of the plain plates was tested at a low enough unit 
stress to give a reliable fatigue strength at 2,000,000 
cycles. 


Table 33 


Fatigue Strength of Carbon Steel 
Plates in Kips per Sq. In. of Gross 
Area of Plate 
100,000 Cycles 2,000,000 Cycles 


Series Full Reversal Av. Min. Av. Min, 
I. Plain Plates 25.8 23.9 re 
II. Transverse Welds One 25.4 2}.8 18.9 18.5 

Side 
III. Transverse Welds Both 22.0 22.1 13.1 12.3 
Sides 


Do., Galvanized 17.2 1lé 
R, Transverse Rivets 16.3 16 
(Pickled and Painted) 


10.3 10.1 
7 11.6 


- 
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The evidence is incomplete, due, among other thiy gs 
to the loss of three specimens in Series II = 


roke in 
the shoulders; 


but it tends to indicate that an a; 


tact 
ment welded on one side causes only a ldbieas, red 
tion in fatigue strength, if any, while a pair oj Opposit 


attachments, welded or riveted, causes more. 


4. Fatigue Strength of Fillet Welds Subjected 4 
Combined Shear and Bending 


Tests were made on two series of specimens simu: iting 
brackets projecting from columns or other supports 
subjected to vertical shear and also to moment jy 
vertical plane, both resisted by fillet welds. The Je 
arm of the load was chosen to give a fairly high rat) 
moment to shear. 


Ver 


-O" Lever arm 
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t 


43-9 
Fig. 49—-Moment-Resisting Fillet Weld Joint 
Welds parallel to 


Serie 
plane of moment 


The specimens for Series 43-9, shown in Fig. 49, 
jected the welds to bending stresses as in a vertical beam 
They were designed to, and they did, fail in the welds 
both in static and in fatigue tests. These welds wer 
made in the vertical position, with */j.-in. E-6010 ele 
trodes, working from the top down; intended for °, \»-in 
fillets they were considerably concave and were found 
after failure to have an average throat thickness of on! 
about 60% of the theoretical throat of a °/;.-in. weld 

The calculation of the unit stresses in such a joimt ts 
arbitrary; and it should be recognized that these stresses 
cannot be directly compared with any of the unit stresses 
that have been tabulated or discussed in this report, uj 
to this point. The unit stresses appearing in Table - 
will be of use to a designer only in so far as he adopts t 
following pattern in his design calculations: The extreny 
fiber stresses on the welds, at the top of the joint, ar 
computed first as a “resistance per vertical inch 
joint. This vertical resistance is then converted into 4 
shear on the weld throat by arbitrarily making the sai 
assumption as for fillet-welded joints in general, viz. 
divided by the throat area is the unit weld 
shear, regardless of direction. 

Inasmuch as a small shim was inserted between ti 
two plates at the bottom before welding and could not 
afterward be removed, the compression at the bottom 0! 
the joint was taken partly in bearing. Approximat 
calculations of the bending resistance (section modulus 
of the two welds, with and without allowance for Llics' 
shims, indicate that a reasonable assumption is to com! 
pute the weld shearing stress as if the shim were 10! 
there, and then to reduce it by 5° 

Neglecting the vertical shear (this might not be pe! 
missible in a more general case) : 


Applied Moment Mo = 


sub 


Resisting Moment . 


R where R = 


max. resistance 
per vert. in., at top ana 
bottom edges of jou! 
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where ¢ = the actual 
throat of one weld (ac- 
cording to the conven- 

. tional treatment of fillet 
welds rather than a true 
stress analysis). 


Unit Shear 


6M 3M 
= “5 + 2 a (as ex- 
plained in 
the  fore- 
going) 
3M 
0.60 0.707 XK 12? 
95% 


= 0.00015 M (M in Ib.-in., Unit 
Shear in kips per sq. in.) 


lhe individual recorded moments of Series 43-9 are 


given in Table 34, with the corresponding stress ranges 
calculated on the foregoing basis. 


Table 34—Series 43-9 


Calculated Stress Range Number of Cycles 


Maximum Moment in Kips per Sq. In. on for Failure in 
in Lb.-In. Extreme Fiber 1000's 
212,000 +31.8 to —31.8 3.3 
192,000 +28.8 to —28.8 42.0 
181,000 +27.1 to —27.1 229.7 
169,500 +24.4to —24.4 168.4 
159,000 +23.9 to —23.9 300.1 
128,000 +19.2to —19.2 434.2 
128,000 +19.2to —19.2 729.6 
127,200 +19.1to —19.1 1219.8 
127,200 +19.1to —19.1 1554.0 
106,300 +-16.0 to —16.0 3104.8 
309,000 0 to +46.3 58.3 
288 000 0 to +43.3 197.5 
288,000 0 to +43.3 222.0 
213,000 0 to +32.0 646.4 
192,000 0 to +28.8 917.1 
192,000 0 to +28.8 1305.6 
192,000 0 to +28.8 1604.0 
383,400 +28.7 to +57.4 141.0 
383,400 +28.7 to +57.4 274.4 
319,500 +23.9 to +47.8 311.8 
319,500 +23.9 to +47.8 847.7 
298,200 22.4 to +44.8 432.0 
277,000 +-20.7 to +41.4 2926.5 


For the static tests, as the moment causing failure was 
lar beyond the yield point, it seems more reasonable to 


place M = Ro from which Unit Shear = 0.0001 M 


Static Tests 


~ 


Itimate Moment Unit Shear 


702,480 70,250 approx. 
685,870 68,600 approx. 


The specimens for Series 43-10, shown in Fig. 50, were 
designed to subject the upper and lower welds to pre- 
sumably equal, and pure, shears on the leg of attachment 
to the loaded beam, and to alternating tension and com- 
pression on the leg of attachment to the supporting 
column. Since the shim at the bottom, inserted before 
welding to provide a clearance between the two parts, 
pinched and could not be removed, the compressive 
(bottom) force went to an indeterminate degree through 
bearing rather than through the weld. However, this 
did not materially change or becloud the lever arm of the 
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Fig. 50—Moment-Resisting Fillet Weld Joint 
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upper weld as it did in Series 43-9, nor did it obviate fail- 
ure in the lower welds, in several cases. 

The welds were made with */,,-in. E-6010 electrodes, 
the upper weld in horizontal, and the lower weld in over- 
head, position. 

The vertical shear on the welds from the applied load 
was neglected in the computations, which would not be 
permissible in the general case where the lever arm to 
the load might be relatively much less. The external 
moment was considered to be resisted by a couple com- 
prising two forces acting parallel to the beam axis, and 
12.2 in. apart. One of these forces, divided by the weld 
throat, was recorded as shear on throat. The throat 
dimension as determined by external measurement, and 
as determined by measurement of the fracture, varied 
by as much as 40°% and frequently by 20°7, and in either 
direction. For present purposes, as throughout this 
report, the external measurement alone is used, as it is 
the one which can be availed of in checking construction 
against design. 

The individual test results of Series 43-10 are given in 


Table 35. 


Table 35—Series 43-10 


Maximum Calculated Stress Range Number of Location of 


Moment in in Kips per Sq. In. of Cycles in Weld 
Lb.-In. Weld Shear Thousands Failure 
111,800 + 9.0to — 9.0 29.6 Top 
89,800 + 8.0to — 8.0 225.4 Bottom 
90,106 + 7.0to — 7.0 175.0 sottom 
82,200 oa 6.0 to — 6.0 242.5 Bottom 
63,700 + 5.0to — 5.0 251.3 Jottom 
60,200 + 5.0to — 5.0 2194.8 Bottom 
50,800 + 5.0to — 5.0 2702.0 Bottom 
69,200 + 5.0to — 5.0 3339.8 Did not fail 
275,000 0 to +20.0 402.5 Top 
294,000 Oto +19.70 06.3 lop 
321,000 0 to +19.67 582 .2 lop 
337,000 0 to +19.66 230.8 lop 
231,000 0to +13.79 137.4 lop 
212,000 0 to +13.0 13.1 lop 
157,000 0 to —13.0 2542.0 Bottom 
242,000 0 to —12.80 142.6 Bottom 
207 ,000 Oto +11.80 2139.7 lop 
412,000 +-16.0 to +32.0 30.1 lop 
382,000 +16.0 to +32.0 °16.9 Top 
362,000 +13.0 to +26.0 137.9 Top 
330,000 +-13.0 to +26.0 1035.2 Top 
354,000 +12.0 to +24.0 858.5 Top 
330,000 +12. 0 to +24.0 1026.5 lop 

Static 
10,100 
57,700 


From the test results as recorded in Tables 34 and 35 
there were calculated, in accordance with the methods 
explained in Report No. 2, the probable fatigue strengths 
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Table 36—Fatigue Strength of Fillet Welds Subjected to Bending 


Series 43-10 
Fatigue Strength a: 


Series 43-9 
Vertical Welds in Bending, 
100,000 Cycles 


Cycle Max. Av. Min. Max. Av. 
Full Reversal 33.0 28.0 24.0 18.0 17.5 
Zero-to-Max. 53.0 46.0 40.0 27.5 25.5 
Max.-to-!/. Max. 65.0 62.0 54.0 44.0 38.0 


at 100,000 and 2,000,000 cycles, respectively. These are 
summarized in Table 36. 

The fatigue strengths for Series 43-9, as recorded in 
Table 36, are beclouded by the arbitrary method of 
deriving them from the recorded moments. It would 
appear reasonable for a designer to use the “‘dependable’’ 


Arc Welding of Rail Steel 
(Continued from page 371-s) 


Table 2—Butt Welds in */,-In. Rail Steel Flats 


| Evec- | Wet | ax IN. | 
_TRODE | DESIGN pass Pass 2/Pass Pass 4 Pass 5 
E7 | 2 A 59,000 | 62,000 61,500 60,000 
E8 2 A 49,000 | 61,500 | 66,500 47,000 
E9 2 A 52,000 73,000 70,500 66,500 
Ell 1 A 38,500 | 52,500 59,500 52,500 
$18 | 2 A 36,200 | 31,000 | 33,400 | 40,500 | 38,500 
$19 2 A 37,200 | 31,300 | 32,200 29,700 34,700 
Al 1 B 50,000 55,500 58,000 
A8 3 B 55,500 50,000 | 60,500 
D4 1 B 51,000 58,500 55,000 
D9 3 B 57,000 | 56,500 62,000 
B 54,500 58,500 | 57,000 
| S15 | 3 | |57,500/ 55,000 | 57,500 
relief. The results herein reported seem to warrant mod- 


ification of this general belief. Rail steel, and similar 
high-carbon steels of the section weights discussed in this 
paper, can be welded with high heat input rates and with a 
good degree of success without the precaution of preheat 
and stress relief. The static and dynamic strength and 
the ductility of such weldments are quite satisfactory for 
many applications. 


Fatigue Strength at 
2,000,000 Cycles 


Min. Max. Ay. 
14.0 7.3 
23.5 22.6 18.9 
33.0 34.1 30.1 


Horizontal Welds in Shear, 
100,000 Cycles 


2,000,000 Cyc! 


Min. Max. 
5.6 5.0+ 
12.1 17.8 
26.7 24.6 


Av. 


values of Table 15 as applicable to connections of Ty, 
Series 43-9, if he follows the same convention in his de 


sign. 


It would seem advisable not to use connections oj 
Type 43-10 under fluctuating stress, but to use butt welds 


instead. 

} 

Table 3—Static Tests on Welds hig 

in 

WELD TENSILE ELONGATION | 

| STRENGTH STRENGTH | IN 2 IN. a 

E11 | 148,000 68,000 3.5% 

Al 135,000 93,500 5.0 o 
D4 124,000 90,000 6.5 
E7 148,000 111,500 3.5 
E9 148,000 | 109,000 3.0 
$18 125,800 | 111,500 | 75 
$19 125,800 97,250 6.0 
A8 135,000 116,000 | 4.0 
D9 124,000 115,000 5.0 


Table 4—Dynamic Tests on 


WELD 


S5-1 
$5-2 
E8-1 
E8-2 
$15-1 
$15-2 


Welds 
TENSION IMPACT 
VALUE 
BasE STEEL | WELD 
152 ft-lb. | 58 ft-lb 
152 44 
153 §2 
153 37 
152 85 
152 10 
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Welded Swing Bridge Made of 
ps Low-Alloy Steel 


By M. Baudelaire 


Description of the Bridge 


HE bridge was built in 1939. It spans one of the 

locks of the transatlantics, at LeHavre, France. 

Its total length is 236 ft.; one of the arms is 153 

it. long, the other 83 ft. long. The bridge comprises a 

highway road 21.2 ft. wide with a central railway track, 

— ind two sidewalks 5.0 ft. wide. The two main girders are 
trusses of the Warren type placed 22.8 ft. apart (Fig. 1). 

[he lower chords are stiffened by a floor system com- 

prising floor beams, stringers and a cast steel plate 

welded to the floor beams and stringers. The upper 

chords are stiffened by sway bracings only in the two >>. 
entral panels, atop the pier-pivot. ve 


10N | 


Description of the Members Fig. 1—General View of Swing Bridge 


lhe upper and lower girders and most of the diagonals are box girders made of channels and flats by means of 
; welding. The vertical web members are rolled large 
tracted from a paper published in Des Annales Les Ponts et Chaussées flanged I-beams about 20 in. high. The floor beams are 


lay-Jume 1944, page 246, and July-August 1944, page 325, by Dr. D . - . . 
—e Rosenthal, Massachusetts Institute of Technology . , welded plate girders of various heights; the largest of 
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Fig. 2—Detail of the Floor Beam Located Over the Pier-Pivot 
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Fig. 5-Sequence of Welds 


them is located over the pier-pivot. It consists, Fig. 2, 
of two flanges 1.66 in. thick and two webs 1.40 in. thick. 
The beam flange is stiffened by welded transverse plates. 
The stringers are rolled beams welded to the floor beams. 


The Nature of Joints 


Figure 3 exemplifies the type of welded joints adopted. 
The large gussets are reminiscent of the riveted structure 
for which the plans called originally. This results in an 
unusually large accumulation of welds which, according 
to the author, could have been avoided if the original 
design were a welded one. The type of joint between 
the vertical members and floor members with an opening 
left for members of the lower girder is shown in Fig. 4. 


The Base Metal 


The base metal is a low-alloy high-tensile steel with 
the following average characteristics: 

T.S. = 78,000 psi. 

Elongation = 15% 


= 0. 20% 7/0 
Mn = 0.70% ° 
Cr = 0.4% 
Cu = 0.4% 


The rolling of heavy beams in this kind of steel offered 
many difficulties, and as a result superficial cracks and a 
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few laminations were disclosed in the members when 11 
spected for welding subsequently. The base metal was 
not tested for weldability in the sense recommended }\ 
the A.W.S. Guide for Weldability. That such a test 
would seem to have been advisable was plainly evidenc: 
by the presence of hard spots near the fusion zone 


Weld Metal 


Only the mechanical characteristics of the deposit 
indicated. They are: 

T.S. = 80,000-87,500 psi. 

Y.P. = 62,000—69,000 psi. 

Elongation = 18-21% 

Charpy impact value = kgm./cm.’ 


The conditions under which these characteristics |i: 
been obtained were not stated, but from tests describe: 
in a later section it may be inferred that the deposit was 
made in an angle bar in several layers without interr 
tion. 


Fig. 6—Filling the Gap Between Butt-Welded Flanges 
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Loor bean the bridge rose about °/;, in. above the level of the 
_ ——- lower girders, which was of no great consequence. 

65 More troublesome were the gaps produced by shrink 

age between stringers and floor beams, and they had to 

L be filled before joining these elements. This was done 

- ae by using a copper back strip in the case of butt welds, 

Shim Fig. 6, and by inserting shims in the case of tee joints, 


Fig. 


Stringer 
Inspection of Welds 


Because no X-ray equipment was available for a non 
destructive inspection of welds, a portable miller was 
used to bore holes in the welds and to inspect the bottom 
of vee joints. The procedure is sketched in Fig. 8. Al 
though carried at random, this inspection did reveal lack 
of fusion and faulty preparation of joints. The defective 
welds were repaired and reinspected. Some of the de 
fects still remained after the repairs had been made. 


Conclusions 


In variance with the unfavorable reports on welded 
bridges published in Germany and Switzerland, the 
present swing bridge withstood a 4-yr. service without 
any trouble. Inthe author's opinion this was due pri 
marily to the high quality of the steel employed. It did 
not imply, however, that in the future some of the un 
Fig. 7—Filling the Gap in a Tee Joint desirable features should not be eliminated, notably the 
use of gussets. Also a better joint preparation appears 
desirable to avoid lack of fusion. 


Welding Procedures 
Web Wet 
member Locatiar 

Most of the welded members ‘of mi 
were shop welded, notably the : > 
floor beams and vertical web mem 4 
bers with gussets. To overcome Gusset 
distortion peening of each layer cates tae 
Ste was resorted to, and some of the 
distorted elements, for example, 
gussets, were straightened after 
local heating at 440° F. The influ- 
ence of these treatments on the 
weld metal was investigated by 
means of a series of welds deposited 
in an angle bar, and was found to 
produce only slight variations in 
the mechanical characteristics. 


») Field Welding 


The field welding was made 

panel by panel with the sequence 

of welding indicated in Fig. 5. 

The panels marked by Roman fig- 

hac ures were made first. No special 
ibed precautions were taken to compen- 
was sate for shrinkage and distortion. 
ru As a result, the middle portion of Fig. 8—Inspection of Welds by Drilling a Hole 


member 


Shop Welding 
Location 
of milling 
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An Investigation of the Spot Welding 
of Aluminum Alloys Using Condenser. 
Discharge Equipment 


Original Report Submitted to the N.A.C.A. Dec. 1941. See note by the Author at End of the Report 


By W. F. Hess,’ R. A. Wyant! and B. L. Averbach' 


Introduction 


HE present research program provided for a com 

parative study of three different types of welding 

equipment which are offered for the spot welding 
of aluminum alloys for aircraft structures. The three 
types were: the conventional a.c. equipment, the con- 
denser-discharge equipment and the electromagnetic 
energy storage equipment. The object of the comparison 
was to determine how the fundamental principles of oper- 
ation and construction of each welder affect its perform- 
ance in the following respects: 


1. Weld uniformity or consistency. 

2. Frequency of electrode tip dressing. 

3. Electrode shape and pressure for best results. 
4. Surface treatment for best results. 

5. Weld strength and quality. 

6. Critical nature of machine settings. 

7. Duplication of results from day to day. 

8. Electrical demand from the power system. 
9. Interruptions in operation. 

10. Maintenance time. 


The purpose of this report is to describe the experi- 
ence and results obtained with the condenser-discharge 
equipment! provided by the Taylor-Winfield Corpora- 
tion. Two models of this type of welder were investi- 
gated. The welding was limited to Alclad 24S-T in 
thicknesses of 0.020, 0.040 and 0.064 in. To familiarize 
the research staff with the operation of the equipment a 
welding program of an exploratory nature was first under- 
taken, using electrode tips of several sizes and shapes, at 
different machine settings. Due to inexperience in 
selecting machine settings, inadequate information on 
surface treatment, faulty behavior of welder and lack of 
a quick method of examining weld sections, the results 
of the exploratory work were not of very great value. 

The most important result of this work, however, was 
the realization of the importance of surface conditions in 
welding 0.020-in. material with flat electrodes. As a 
result the use of hydrofluoric acid was discontinued and 
wire brushing was adopted as the most reliable method of 
surface treatment for laboratory purposes. Throughout 
all the welding with the first machine considerable dif- 
ficulty was experienced in obtaining round, even elec- 
trode impressions and avoiding irregular distortion of the 
sheets around the weld -zone. Due to our inexperience 


* This is the fifth of a series of reports prepared by the R.P.I. Welding Lab- 
oratory research staff on spot-welding problems, equipment and technique. 
This investigation is under the joint auspices of the N.A.C.A., the Army Air 
Corps and the Navy Bureau of Aeronautics in cooperation with the Resistance 
Welding Committee of the Welding Research Committee. Other reports will 
be issued from time to time as the work progresses in order to relay the infor 
mation to the aircraft industry as rapidly as possible 
t Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y¥ 


with this type of equipment we were slow to recognix 
that this particular welder was somewhat irregular in its 
behavior. The tolerances in its upper electrode assembl 
were such as to permit a small forward movement of th: 
upper electrode with respect to the lower electrode ever 
time a weld was made, which was the cause of the abov 
trouble. In the design of the second welder this condi 
tion was avoided by provision for more rigidity in the up- 
per electrode assembly. As a result no difficulty of this 
sort was experienced with the second machine. 

For several welding conditions, weld characteristics 
were obtained to show how strength, diameter and pene 
tration vary with peak current. A number of studies 
were also made to determine the number of welds that 
could be made before it became necessary to clean thx 
tips. Since there were several innovations in the ele 
trode pressure systems of these welders, an oscillographi 
study was made of electrode pressure under actual weld 
ing conditions. At the start of the investigation the rou 
tine method of examining weld sections required that th 
specimens be mounted in lucite and elaborately polished 
in preparation for microscopic examination. This proc 
ess of mounting and polishing introduced a long dela) 
between the time of welding and the time data were ob 
tained from the weld section. An important result of this 
investigation was the adoption of a “quick section 
technique whereby this delay could be avoided and use 
ful information could be obtained from the weld sectio: 
immediately after welding. 


Equipment 


Two models of the Taylor-Winfield Hi-Wave welde: 
were investigated. Model No. 1 was of the HW-34-3( 
type? and Model No. 2 was of the HWR-34-3CCI type 
The same control cabinet, HW-4024 was used with bot! 
welders. The essential difference between the two weld 
ers was in the design of the electrode-pressure systeis 
In both models provision was made for making the weld 
while the main operating piston in the air cylinder was 1! 
motion, in order to minimize effects due to starting fru 
tion and inertia. This was accomplished in the firs! 
model by means of a small auxiliary cylinder and pisto! 
(air lock) which was installed between the upper ele 
trode arm and the guiding column as shown in Fig. | 
A switch mechanism was attached to this assembly » 
that the flow of welding current could be initiated at 
definite point in the travel of the air-lock piston. |! 
pressure system in the second model operated in sinila! 
fashion except that the auxiliary cylinder and piston was 
replaced by a rubber bellows which was installed | 
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SCHEMATIC DIAGRAMS OF 
ELECTRODE PRESSURE SYSTEMS 


Fig. 1 


tween the guiding column and the operating piston in 
the main air cylinder as shown in Fig. 1 (B). Figures | 
(A) and 1 (B) also show that in the first model the guid 
ing column operated through lubricated ways, while in 
the second model it operated between heavy steel rollers 
\nother important difference between the two machines 
was that in the second model the lower electrode arm 
was more firmly supported than in the first model. 

Electrode tips of the female threaded type, 1'/, in. in 
diameter, were used throughout the investigation. The 
electrode material was a copper alloy containing 1°; of 
cadmium and having the following properties: electrical 
conductivity, 859; Rockwell B hardness, 50-75; yield 
strength at 0.20% elongation, 68,000 psi.; and annealing 
temperature, 350° C. 

In the course of the investigation shunts were used in 
both the primary and secondary circuits for measuring 
the welding current. Electric strain gage equipment® 
was used for making studies of the electrode pressure 
under dynamic conditions. An electromagnetic oscillo 
graph was used to obtain permanent records of current 
and pressure. 

While the hydrofluoric acid method of surface treat 
nent was ‘used early in the investigation, wire brushing 
was later adopted. The wire-brushing equipment con- 
sisted of a motor-driven wire brush having the following 
characteristics: 3-in. diameter, '/s-in. face, steel wire 
bristles 0.003 in. in diameter and an operating speed of 
2700 r.p.m. 


Procedure and Results 


Exploratory Welding 


With the No. | welder exploratory welds were first 
made in 0.020, 0.040 and 0.064-in. Alclad 24S-T which 
had been treated in hydrofluoric acid. Electrode tips of 
various sizes and shapes were investigated at a number of 
pressures as shown in Table 1. Several combinations of 
condenser capacity, charging voltage and transformer 
turns-ratio were also investigated for each thickness of 
material. 


1945 SPOT WELDING ALUMINUM ALLOYS 


Throughout the exploratory work on the 0.020-in. 
material there were irregularities which have since been 
proved to be due to high contact resistance resulting from 
improper surface treatment. Under these conditions 
the welds obtained with flat electrodes were unsatisfac- 
tory in all respects. The 2'/, and 4-in. radius dome- 
shaped electrodes produced better welds than either the 
flat or the l-in. radius electrodes. There was little dif 
ference between the welds made with the 2'/, and 4-in. 
radius electrodes. In the 0.040-in. material poor welds 
were obtained with flat electrodes. It is believed that 
this was due to low electrode pressure. Again the 2'/, 
and 4-in. radius dome-shaped electrodes produced better 
welds than either the flat or the 1-in. radius electrodes. 
The sheet penetration tended to decrease as the radius 
of tip curvature increased. In the 0.064-in. material 
good welds were produced with flat electrodes at an 
electrode pressure of 1500 lb.. Good welds were also pro 
duced with the 2'/, and 4-in. radius dome-shaped elec 
trodes at pressures above 1500 lb. Porosity was a little 
more in evidence in this material than in the thinner 
gages. Transformer turns-ratio of 300 and 600 were in- 
vestigated for each thickness of material. 


Table | 
Gage, Transformer Electrode Pres 
In. Tip Size and Shape Turns-Ratio sures, Lb 
0.020 4/,.-in. diam. x 10°, flat 300 and 600 675 
l-in. radius, dome $00 and 600 
2'/s-in. radius, dom 500 and 750 
t-in. radius, dome 500 and 750 
0.040 '/,in. diam. x 10°, flat 300 and 600 650 and 900 
l-in. radius, dome 650 and 900 
2'/>-in. radius, dome 650 and 900 
f-in. radius, dome 650 and 900 
0.064 */i¢-in. diam. x 10°, flat 300 and 600 750, 1000 and 
1500 
l-in. radius, dome 1000 
2'/»-in. radius, 000, 1500. 1750, 
2000 and 2250 
$-in. radius, dome 1000, 1500, 1750, 
2000 and 2250) 


Che effects of increasing the turns-ratio were to increase 
the time during which the welding current was flowing 
and to reduce the peak value of current. In going froma 
low to a high turns-ratio without affecting the size of the 
weld it was necessary to increase the condenser voltage 
to compensate for the greater loss of heat from the weld 
zone. In the exploratory work no conclusions could be 
drawn regarding the relative merits of the two turns- 
ratio investigated. 


Su rface Treaiment 


As mentioned above it was impossible to obtain good 
welds in 0.020-in. material using flat electrodes. This 
was due to the lack of adequate information on the use 
of hydrofluoric acid for surface treatment. All attempts 
to use flat tips resulted in excessive expulsion of metal, 
excessive distortion in the sheets around the weld and 
very irregular fusion. At this point in the research, 
wire brushing equipment was secured and it was found 
that very satisfactory welds could be produced in wire- 
brushed stock using the flat tips. Subsequently wire 
brushing was tried on the other gages and found to be 
equally satisfactory. Following this experience it was de- 
cided to adopt wire brushing as the standard method of 
surface treatment in the laboratory. This decision was 
substantiated later by the results obtained during a more 
intensive study of surface treatment.‘ As a result of the 
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above study it is now believed that with the correct 
hydrofluori¢é acid treatment good welds may be pro- 
duced in 0.020-in. stock using flat tips. 


Electrode Impressions 


Throughout all of the early work it was found to be 
very difficult to obtain round and even electrode impres- 
sions on the surface of the welds. This was especially 
true when flat tips were used. The indentation tended to 
be very severe at the edge of the weld toward the throat 
of the machine and negligible at the opposite edge. Also 
the separation between the sheets was pronounced on the 
side of the greater indentation. The weld sections 
showed that the fused zone was off-center with respect to 
the impression. All this indicated that there was a con- 
siderable difference in pressure between the front and 
rear edges of the tips. This condition was primarily due 
to the fact that the construction of the upper electrode 
system permitted the upper electrode to move forward 
with respect to the lower electrode every time a weld was 
made. This movement was not only measured by means 
of a dial gage but it was sufficient to be readily visible 
to the eye. At first it was thought that this movement 
was aggravated by the downward deflection of the lower 
electrode arm. However, subsequent measurements 
with the dial gage showed that the relative motion be- 
tween the two electrodes was only slightly reduced when 
a jack was used beneath the lower electrode arm to pre- 
vent its deflection. The relative movement between the 
electrodes varied from time to time. The greatest rela 
tive movement measured was 0.02 in. and the least was 
0.002 in. Under the latter conditions there was no dif- 
ficulty in obtaining round even electrode impressions 
with no indication of uneven pressure distribution and 
with no special care in dressing the flat tips in the ma- 
chine. Throughout this work the flat tips were ma- 
chined a little under-size before they were installed in the 
machine. In the machine they were dressed to size by 
being brought together under very light pressure on a 
fine flat file which was then rotated a few times. While 
it is believed that the above conditions were only true of 
this particular machine, this experience shows the im- 
portance of rigidity in the electrode system if a welder is 
to perform satisfactorily. In the second model of this 
type of welder there was never any difficulty of this sort. 
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Weld Characteristics 


Data on the weld strength were obtained from sing}, 
spot lap-weld specimens which were prepared and tested 
in accordance with the recommendations of the Weld 
ing Research Committee of the AMERICAN WEI piv, 
Society.® The characteristics of welds miade in ().(27 
in. material using flat tips are shown in Fig. 2 (A). |; 
will be noted that ‘no diameter is plotted at 35.1 kilo 
amp., yet the weld strength is shown to be 275 lb. at 
this value of current. This is because the weld diameter 
is ordinarily taken as the distance between the extrem; 
ties of the unabsorbed cladding at the ends of the weld 
section as shown in Fig. 2 (8). While in the above in 
stance there was some fusion in the base metal, the clad 
ding at the interface either did not fuse or was not ab 
sorbed by the molten alloy beneath. As a result there 
were no extremities of cladding by which the weld diam- 
eter could be measured. The weld strength was due to 
the sticking of the cladding across the weld zone. It is 
significant that the welds failed suddenly by shearing 
across the interface. At all higher values of current the 
weld diameters were measurable and the welds failed 
more slowly by tearing. In Fig. 2 (A) the condenser 
voltage is shown as well as the peak current in order to 
show how variations in the condenser voltage affect the 
weld characteristics. 

Similar characteristics for the 0.040 and 0.064-in 
gages are shown in Figs. 3 and 4. Each value of strength 
plotted represents the average obtained from at least 
three welds. At each value of current investigated one 
weld was sectioned and examined microscopically. All 
of the welds so examined were metallurgically sound 
with the exception of the welds made at the two highest 
values of current in the 0.040-in. material as shown in 
Fig. 3. It should be understood that the conditions 
under which the characteristics were obtained are not 
necessarily the optimum welding conditions. Due to the 
limited time available it was necessary to arbitrarily 
choose conditions which would give reasonably satis- 
factory results regardless of whether or not the condi 
tions were the best in all respects. It is believed likely 
that for each thickness of material there are several dif 
ferent conditions which will produce equally satisfactory 
welds. 

The characteristics of welds made in 0.040-in. material 
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Fig. 4—-Characteristics of Welds Made 
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using 4-in. radius dome tips are shown in Fig. 5. It will 
be noted that under these conditions it was not possible to 
make a weld big enough to fail by tearing. Since it was 
desired to make a slightly larger and stronger weld, 
characteristics were obtained using 6-in. radius dome tips 
as shown in Fig. 6. While the welds were bigger and 
stronger under these conditions, it is possible that similar 
results could have been achieved by raising the pressure 
on the 4-in. tips. Variations in condenser voltage have 
somewhat less effect in welding with dome-shaped elec- 
trodes than in welding with flat electrodes. For ex- 
ainple, the flat region of the strength-current characteris- 
tic for 6-in. radius dome-shaped electrodes (Fig. 6) ex- 
tends over a range of 250 volts. The corresponding range 
for '/g-in. diameter is only 150 volts. Also it will be 
noted that the slope of the strength-current characteris- 
tic for 4-1n. radius electrodes (Fig. 5) is gradual and uni- 
form over a range of about 400 volts. 


lip-Life Studies 


The procedure followed in making the tip-life studies 
consisted of preparing the stock by wire brushing and 
then welding at a uniform rate until it became very evi- 
dent that one or both of the tips had been in use too long. 
For comparative purposes the life of a tip was defined as 
the number of welds that had been made before the tip 
should have been cleaned. Cleaning was defined as the 
process by which any accumulation on the tips is re- 
moved by application of an abrasive paper or cloth in 
such a way as not to alter the shape or size of the tip. 
This definition includes the use of a fine flat file between 
flat tips, provided that a very light pressure is used in 
order to avoid any appreciable change in tip diameter. 
Machining was defined as the process by which a cutting 
tool is applied to the tip either in or out of the welding 
machine in order to remove accumulated pick-up, or to 
alter its shape or size. In the present studies the decision 
as to when a tip should have been cleaned was based 
upon the following factors: 


1. Appearance of weld surface. 

2. Appearance of tip surface. 

4. Occurrence of expulsion or cracking. 
4. Sticking of electrode to work. 


It is obvious that tip-life can only be approximately de- 
termined. There is seldom a sharp line of demarcation 
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and much depends upon the judgment of the observers. 
Then there is danger of under-estimating the life of a tip 
because, sometimes, a tip may start to go bad, improve 
with continued welding and finally last for many more 
welds before cleaning becomes necessary. It is believed 
that aluminum may be picked up by electrode tips in one 
or more of the following ways: 


1. Mechanical action similar to the loading of a file 
with a soft metal. This type of pick-up is 
greatly aggravated by any scuffing action of the 
tips on the aluminum surface. 

2. Alloying of the aluminum with the copper. This 
may result from diffusion across the boundary, 
minute fusion along the boundary, or from me 
chanical pick-up with subsequent diffusion 
This action is dependent upon the factors of 
pressure, temperature and time at the boundary 

3. Transfer of metal by arcing when current in the 
secondary circuit is interrupted by separating 
the tips from the work 


The tip-life studies made on the first welder are sum 
marized in Table 2. It will be noted that in many ot 
these studies the lower tip was still clean when the upper 
tip failed. This was due to the fact that the upper tip 
skidded a little on the aluminum surface every time a 
weld was made, thus promoting pick-up by mechanical 
action. In most of these cases the life of the upper tip 
was quite limited. Much better results were obtained in 
It is now believed that if meas- 
urement of the relative mévement of the electrodes had 
been made simultaneously with the tip-life studies, the 
movement would have been found to be negligible in the 
latter studies and more pronounced in the others. Such 
measurements were made in study M and this was found 
to be true. In many of the cases of limited tip-life the 
skidding of the upper tip was observable by eye. 

The results of this investigation clearly show the er 
ratic nature of tip pick-up. Longer tip-life has frequently 
been reported. In nearly all instances good tip-life has 
been attributed to factors which tend to minimize the 
heating at the electrode contact surface. Such factors 
have included the use of the lowest possible current to 
meet minimum strength requirement, electrode tips of 
high conductivity, high electrode pressures, refrigeration 
of electrode cooling water, and cleaning of the external 
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surfaces only, in order to concentrate the heat at the 
contact between the untreated faying suriaces. In addi- 
tion good tip-life has also been attributed to the use of a 
very slight amount of lubrication at the electrode-to- 
sheet contact, the practice of permitting a thin oxide 
film to form after the surfaces have been cleaned, and the 
formation on the electrodes of films immune to pick-up. 
It is believed that nearly all of these factors are important 
and deserve careful investigation. 

Electrodes pick up aluminum very rapidly when arcing 
takes place as the electrodes are separated from the work. 
While this trouble did not occur during any of the above 
tip-life studies, it was encountered in the course of the 
investigation. The upper electrode was being lifted from 
the work so quickly that the secondary shorting bar did 
not operate in time to be effective. The trouble was cor- 
rected by reducing the pressure of the air employed to 
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lift the upper electrode from the work. By doing this 
the secondary shorting bar had time to operate before Mig. 7 ee Record of Electrode Pressure and 
econdary Current 

the secondary circuit was opened at the electrodes. Im- 
proved methods of preventing arcing are incorporated 
in the more recent models of this type of equipment. : 

the electrodes make final contact with the work. At this 
Electrode Pressure Studies point in the operation of the machine (see Fig. 1 (3)) 

air pressure is building up in the main cylinder and the 

Since there were several innovations in the electrode bellows. The piston is moving downward and the bellows 

pressure system of these welders, a study of electrode is collapsing. During this period the record shows that 
pressure under dynamic conditions was an essential part the electrode pressure is continuously increasing. When 
of the investigation. This study was made possible by _ the bellows reaches it maximum stage of collapse and the 
electric strain gage equipment which has been previously piston ceases to move further the electrode pressure be | 
described.* An oscillographic record of a complete pres- comes constant. At the end of the pressure cycle the ‘ 
sure cycle in the No. 2 welder is shown in Fig. 7. This electrode pressure decreases in several steps as the elec . 
record shows (at its left end) the impact pressure when the trodes are separated from the work. In obtaining the r 
electrodes initially contact the work and the immediate above pressure record the bellows switch was adjusted , 
reduction in pressure due to the recoil of the lower elec- so as to initiate the flow of welding current toward the | 
trode. Following the recoil there is another impact as end of the bellows collapse. The record shows that the 


Table 2—Summary of Tip-Life Studies 


Number of Welds Before Tip 


Electrode Tips Electrode Should Have Been Cleaned 


Study No Gage, In Upper Lower Pressure, Lb Upper Lower 
A 0.040 t/, in. x 10° , in. x 10 L000 25 25 
flat flat 
B 0.040 '/,in. x 10 x 10 L000 10 40 
flat flat 
I 0.040 t/, in. x 10 1/,in. x 10° 1000 15 45 
flat flat 
M 0.040 t/, in. x 10 ‘/, in. x 10 LOOO Clean 100 
flat flat 
D 0.040 2'/s-in radius 1'/,-in. diam. L000 10 Clean 
dome flat 
E 0.040 2'/,-in. radius 4-in. radius L000 20 Clean 
dome dome 
F 0.040 4-in. radius 21/s-in. radius 1000 25 Clean 
dome dome 
G 0.040 4-in. radius 2'/,-in radius 1000 235 151 
dome dome 
H 0.040 4-in. radius 4-in. radius L000 230 260 
dome dome 
K 0.040 4-in. radius 4-in. radius L000 90 Clean 
dome dome 
L 0.040 6-in. radius 6-in. radius LOO0 Clean 145 
dome dome 
& 0.064 5/16 in. x 10° 5/16 in. x 10 1500 30 Clean 
flat flat 
0.064 5/1, in. x 10° 5/i, in. x 10° 1500 20 Clean 
flat flat 


Welding Conditions for the Above Data: 
Stock.degreased and wire brushed prior to*welding 
Electrode cooling water—-120/gal./hr. at 59° F 
Distance from tip face to cooling water = 1 in 
Electrical conductivity of tip material = 85%. 
Average welding rate = 9.5 welds per min. 
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Fig. Oscillographic Record of Electrode Pressure and 
Secondary Current. (A- No Expulsion. B- Expulsion) 


weld was made at a pressure which was only a little be- 
low the maximum pressure reached during the cycle 
By adjusting the bellows switch to close earlier during 
the collapse of the bellows the weld would simply have 
been made earlier in the pressure cycle and at a lower 
pressure. A 6O-cycle timing wave is also shown in the 
above oscillogram for evaluating the cycle in terms of 
time. In obtaining this oscillogram the pressure-dwell 
time control was set at 20 cycles. Actually the pres 
sure-dwell-time was about 32 cycles. It will be noted 
that a marked reduction in electrode pressure occurred 
simultaneously with the passage of welding current 
This was due to the electromagnetic thrust between the 
secondary arms of the welding machine. The very sharp 
peak in the pressure record at the start of the current 
flow was due to an electromagnetic disturbance in the 
electric strain gage circuit. 

Similar pressure records were obtained from the No. |! 
welder which employed an air lock in the form of an 
auxiliary eylinder and piston in place of the rubber bel 
lows as shown in Fig. 1 (A). In this machine there were 
two constant pressure levels in the pressure characteris 
tic. The first constant pressure level occurred after the 
air pressure had reached its maximum value in the air 
lock and while both pistons were still in motion in their 
respective cylinders. The magnitude of this pressure was 
determined by the force of the air on the air lock piston. 
It was during this period of the pressure cycle that the 
weld was made. When the air lock piston reached the 
limit of its travel the pressure increased suddenly to the 
second constant pressure level. The magnitude of this 
pressure was determined by the force of the air on the 
main operating piston. The difference between the two 
constant pressure levels was due to the difference in area 
between the two pistons which were subjected to the 
same air pressure. While the sudden increase in pressure 
was quite noticeable in the oscillogram it was not suf 
ficient to be very effective for forging purposes. This 
type of design, however, does represent one method by 
which forging pressure may be obtained. 

Additional pressure records obtained from the No. 2 
welder are shown in Figs. 8 (A) and 8 (B). In taking 


these oscillograms higher camera speeds were used in 
order to show more clearly the details of any pressure 
variations occurring during the making of the weld. 
Figure 8 (A) is a record of a weld in Alclad 245-T ma 
terial from which no metal was expelled. A transient 
just before the beginning of current flow is due to elec 
tromagnetic radiation from the control circuit, and must 
be disregarded. The pressure reduction during current 
flow is due to electromagnetic thrust between the elec- 
trode arms of the welder. Figure § (8) is similar to 8 (A) 
except that the current was sufficiently high to produce 
expulsion of metal from the weld. Figure 9 shows pres- 
sure records plotted from the oscillograms of Fig. 8. The 
record at the top of Fig. 9 shows the magnitude of the 
drop in pressure caused by the repulsion of the current. 
The record at the bottom is for the case of expulsion of 
metal. It will be noted that the drop in pressure due to 
expulsion was much more severe. The pressure varia- 
tions immediately following the expulsion show the pres 
ence of mechanical vibrations resulting from the follow- 
up of the electrode system. 

In the No. 2 welder the electrode pressure at the time 
of welding was determined by the air pressure within the 
bellows and the degree of collapse of the bellows. The 
welding pressure was controlled by adjusting these vari- 
ables in accordance with a bellows calibration which was 
furnished with the welder. A modified form of this cali- 
bration is shown in Fig. 10. This calibration was checked 
under dynamic conditions by means of the electric strain 
gage equipment and some results are shown in Fig. 11. 
In obtaining these data the bellows switch was adjusted 
to operate at a very early point in the collapse of the 
bellows. It will be noted that the dynamic calibration 
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curve practically coincides with the original bellows cali- 
bration. Due to the initiating of the weld early in the 
collapse of the bellows, the electrode pressure continued 
to increase after the weld was made. The maximum 
pressure reached is shown by the upper curve in Fig. 11. 
Since this increase in pressure takes place gradually, it is 
probably not effective for forging purposes. Figure 12 
shows similar data obtained when the bellows switch 
was adjusted to operate very late in the collapse of the 
bellows. In this case only a slight increase in pressure 
occurred after the weld was made. 

Operation of the No. 2 welder indicated that under 
certain conditions a sudden increase in pressure might 
be obtained due to the impact when the bellows reached 
the limit of its collapse. Analysis of the forces exerted 
by the bellows and the piston in the air cylinder confirmed 
this possibility. The force exerted by the bellows at dif- 
ferent air pressures and at different degrees of collapse 
is plotted in Fig. 10. This figure also shows the force 
exerted by the piston in the air cylinder at different air 
pressures. While these data have been corrected for 
dead weight in the electrode system,:no allowance has 
been made for friction. To illustrate the above state- 
ment let us assume that the welder is to be operated at 
an air pressure of 45 psi., with the bellows switch ad- 
justed to close at a bellows collapse of 0.05 in., and with 
the total collapse limited to 0.20 in. Under these condi- 
tions Fig. 10 shows that when the weld is made at A the 
electrode pressure is 1325 lb. When the bellows reaches 
the limit of its collapse at B the electrode pressure is 
1460 Ib. Immediately following the collapse of the 
bellows, the electrode pressure might be expected to 
jump from 1460 Ib. at B to 2400 Ib. at C, due to the fact 
that the force exerted by the air on the piston is now 
transmitted directly to the electrode. Such an increase 
would be sufficient for forging purposes. However, ex- 
perimental work with the electric strain gage failed to 
show any sudden increase in pressure under such cofidi- 
tions. This was apparently due to the fact that, when 
the bellows reached the limit of its colfapse, the air pres- 
sure in the cylinder was not yet up to the air pressure 
within the bellows. The pressure oscillograms, however, 
definitely showed where the bellows collapse ended. 
The oscillograms also showed that, while there was no 
sudden increase in pressure, there was a gradual increase 
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up to a maximum value which could be predicted from 
Fig. 10. This experience indicated that to obtain an ef- 
fective forging pressure in this welder it would be neces- 
sary to admit air much faster into the operating cylinder. 


“Quick-Section”’ Technique 


At the beginning of this investigation the routine 
method of examining weld sections required that the 
specimens be mounted in lucite and elaborately polished 
in preparation for microscopic examination. This proc- 
ess of mounting and polishing introduced a long delay 
between the time of welding and the time data were ob- 
tained from the weld section. An important result of 
this investigation was the adoption of a ‘‘quick-section”’ 
technique whereby this delay could be avoided and use- 
ful information could be immediately obtained after 
welding. The ‘‘quick-section’’ technique consists of 
scribing a center-line across a face of the weld, sawing 
through the specimen alongside the center-line, smooth- 
ing the cut surface with a file and then etching the sur- 
face. By examining the section by eye, the shape and 
position of the fused zone in the sheet, the penetration 
and weld diameter can be quickly determined. Know- 
ing the weld diameter, the approximate weld strength 
can be predicted. The entire procedure requires only 
about two minutes’ time and provides information which 
is extremely useful in establishing or checking machine 
settings prior to making welds. It should be understood 
that this technique is not recommended for determina- 
tion of fine cracks, porosity or crystal structure in the 
weld zone. A specimen mounted and polished in the 
usual way for microscopic examination is essential for 
studying the crystal structure. Radiographic methods 
are more reliable for examining welds for fine cracks and 
porosity. 


Summary of Results 


In the introduction to this report a ten point outline 
was presented as a basis for comparison of spot welders 
of different types. Following this pattern the results of 
the completed research are summarized as follows: 

1. Weld Uniformity or Consistency.—Data on ‘he 
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sistency of welds made on this equipment have been 
pt sented in previous reports.’ Analysis of the weld 
ispersion charts included in these reports reveals the 
following distribution of welds: 


Percentage of Welds Within 
+10% of + 5% of 


Mean Mean 
Alloy Gage, In. Strength Strength 
\lclad 0.020 77 44 
0.040 87 57 
0.064 87 59 
“25-1/,H 0.040 100 83 


The welds upon which these data are based were made 
under carefully controlled conditions. In a number of 
instances the control circuit over-charged the condensers 
by about 200 volts. Welds made under such conditions 
were disregarded in compiling the above data. 

2. Frequency of Electrode Tip Cleaning.—Several 
hundred welds can sometimes be made in Alclad 24S-T 
before it becomes necessary to clean the tips. At other 
times only a few welds can be made. There seems to be 
something very erratic in the behavior of tips in this 
respect. Experience with this equipment showed that 
any relative movement between the tips during welding 
greatly aggravated the pick-up of aluminum by the tips. 

3. Electrode Shape and Pressure for Best Results.- 
lo date the work on this equipment has been limited to 
the following conditions of tip shape and pressure: 


Electrode 
Pressure, 


Gage, In Tip Shape and Shape Lb 
0.020 Flat, 7/1. in. x 10° 675 
0.040 Flat, '/¢ in. x 10° 1000 
0.064 Flat, ®/i. in. x 10° 1500 
0.040 Dome, 4-in. radius L000 
0.040 Dome, 6-in. radius 1500 


Sound welds were produced under these conditions and 
the weld characteristics are presented in Figs. 2-6 of 
this report. Other shapes, sizes and pressures have not 
been thoroughly investigated. 

4. Surface Treatment for Best Results.-Good results 
were consistently obtained when welding wire-brushed 
material. Some trouble was experienced with stock 
which had been treated with hydrofluoric acid. This oc- 
curred, however, before the characteristics of this treat 
ment had been investigated.‘ No further welding of 
chemically treated material lias been attempted. How- 
ever, there is reason to believe that material which has 
been subjected to correct chemical treatment can be satis- 
factorily welded on this equipment. 

5. Weld Strength and (Quality._-Characteristics of 
welds in Alclad 24S-T, 0.020, 0.040 and 0.064 in. in 
thickness, are shown in Figs. 2-6 of this report. All of 
the welds upon which these data were based were sound 
and differed only in size and strength. It is believed that 
sound, strong welds may be made on this equipment 
under a variety of conditions. In this research welds 
having the following diameters and strengths were read 
ily obtainable and they were accepted as being the op- 
timum welds in each gage: 


Weld Diameter, Weld Strength, 


Gage, In In. Lb. 
0.020 0.15 300 
0.040 0,20 TOO 
0.064 0.25 1300 


The above values were selected because welds having 
these diameters and strengths generally fail gradually by 
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tearing. 
ing. 

6. Criitcal Nature of Machine Settings. Figures 2-6 
of this report show how the weld characteristics are af 
fected by variations in condenser voltage. It will be 
noted that on the flat portions of the curves a variation 
of + 100 volts does not seriously affect the weld strength. 
In several instances a greater variation can be tolerated. 
While the critical nature of the other mach ne settings 
was not investigated, none of them is believed to be very 
critical. 

7. Duplication of Results from Day to Day. —-While 
no specific experiments were conducted in this connec 
tion, it was found from general experience that to dupli 
cate results from day to day it was frequently necessary 
to alter the condenser voltage by from 50 to 150 volts 
The reason for this is not understood. The development 
of the “‘quick-section” technique for determining weld 
diameters greatly facilitated the correct selection of con 
denser voltage to be used from day to day to obtain the 
same results. 

8. . Electrical Demand from the Power System.— This is 
unquestionably one of the most important advantages 
of energy storage equipment. It may be the compelling 
reason for the use of such equipment in many instances. 
This investigation was not concerned with this factor 
which is inherent in this type of equipment, and does not 
require experimentation. Whether this factor is of im- 
portance, is determined by the power supply which is 
available to any particular manufacturing plant. 

9. Interruptions in Operation.—In the course of the 
investigation the welding program was interrupted on 
several occasions due to trouble at the relay contacts in 
the control circuit. This type of trouble made itself 
evident in several different ways which included failure 
of the charging circuit to operate, leakage of charge from 
the condensers and over-charging. This experience indi- 
cated that the proper adjustment and maintenance of all 
relay contacts is very important and that the number of 
such contacts should be kept at a minimum in future 
models of this apparatus. Likewise, the essential relay 
equipment should be of such a type as to require a mini 
mum of adjustment and maintenance. It is understood 
that the more recent models of this equipment have been 
improved in this respect. 

10. Maintenance Time.—This factor can only be 
evaluated under actual production conditions. 


Smaller welds usually fail suddenly by shear 


Conclusions 


It should be understood that the investigation of this 
type of equipment is not considered to be complete. 
For example, the matter of weld cracking still requires 
careful study. On the basis of the experience, which has 
been described in this report, the following conclusions 
are drawn 

|. Excellent welds can be made on this equipment 
under a variety of conditions and with flat or dome- 
shaped electrodes. 

2. Rigidity of the electrode system is of utmost im- 
portance in obtaining satisfactory welds with a reason 
able electrode tip-life. 

4. A calibration of the rubber bellows in the electrode 
pressure system 1s a reliable guide for adjustment of the 
electrode pressure. 

+. Failure to obtain good welds with this equipment 
in thin material may be due to improper surface treat- 
ment. 

5. In the interest of ease of maintenance and reliable 
operation, a minimum number of relays of the most de 
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pendable type should be used in spot welding control 
circuits. 
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Note by the Authors 


The authors wish to call attention to the fact that the 
experimental work described by this report was carried 
out in 1941. While many of the original observations 
are still valid, a few comments are necessary to bring the 
report up to date with respect to developments since 
1941. These developments include improvements in 
welding equipment, surface preparation, electrode tip 
design, and methods of examining welds for cracks. 

In 1941 the condenser-discharge type of energy- 
storage spot welder was in its early stages of develop- 
ment. It is not surprising that several difficulties were 
experienced with the equipment employed at that time. 
Furthermore, the distinction was not always clear be- 
tween difficulties which were due to equipment and those 
which were due to surface preparation, electrode tip 
design, or some other factor. Since 1941 many im- 
provements have been made in this type of equipment. 
Probably the greatest single improvement in welding 
equipment has been the provision of an electrode forging 
force for the control of weld cracking. Even if a forging 
force had been provided in the 1941 equipment, it is 
doubtful if its usefulness would have been appreciated 
because little attention was paid to cracking at that 
time. 

Very little was known about the surface preparation 
of aluminum alloys for spot welding in 1941. Wire 
brushing and immersion in hydrofluoric acid were the 
two methods employed in the work covered by this 
report. According to present standards, the wire 
brushing*was well done but the chemical treatment was 
unsatisfactory. The chemical treatment was so critical 
with respect to time that it could not be controlled and, 
as a result, it was responsible for the production of irre- 
gular welds, particularly in the thin sheet. The value 
of contact resistance measurements as a means of evaluat- 
ing surface conditions and controlling the surface-treat- 
ing process, had not yet been fully recognized. Since 
1941 many chemical methods of surface treatment have 


proved to be far more satisfactory than either wire 
brushing or treatment in hydrofluoric acid. The tip. 
life studies in this report are not very significant due to 
the method of surface treatment. They were all made 
with wire-brushed sheet and it is now recognized that 
better tip life can be obtained with sheet that has been 
properly prepared by chemical methods. 

The advantage of electrode tips having spherical con. 
tours was just beginning to be recognized in 1941. For 
a long time conical tips had been used almost exclusively 
for spot welding aluminum alloys. These tips tended to 
facilitate expulsion of metal from the weld. Flat elec. 
trode tips were next tried because they had been found 
satisfactory for welding steel and because the chief 
difficulty associated with conical tips could be avoided. 
It proved to be very difficult to obtain a uniform dis- 
tribution of pressure with the flat tips. Spherical tips 
seemed to combine the advantages and to avoid the dis 
advantages of both the conical and flat tips. However, 
in 1941 the machining of spherical tips and their rapid 
deformation were thought to be obstacles in the way of 
their extended use. Both flat and spherical tips were 
employed in the work represented by this report but the 
superiority of the spherical tips was not fully recognized. 
Their use was not strongly enough recommended. Since 
that time, simple tools have been developed for machin- 
ing spherical tips and they have been almost universally 
adopted for spot welding the light alloys. The de 
formation of spherical tips did not prove to be a serious 
matter. 

The optimum values of weld strength arrived at in 
this report are too high and are not good for chemically 
prepared sheet. These values were obtained with wire 
brushed sheet and now it is recognized that, for a given 
weld diameter, greater weld strength can be obtained 
in wire-brushed sheet than in chemically treated sheet. 
This is due to the fact that, in wire-brushed sheet, the 
cladding is bonded for a short distance just outside the 
periphery of the weld proper. In this work the welds 
were not adequately examined for the presence of cracks. 
Metallographic sectioning was relied upon to determine 
their presence. This method has been generally dis- 
credited in favor of radiography. It is now believed that 
many more welds were cracked than is indicated by the 
strength-current characteristics. Subsequent work has 
shown that, in welding with a constant electrode force, 
there is a very narrow range in current over which sound 
crack-free welds can be made. Below this range in 
complete welds are likely to occur and above it, all the 
welds are likely to be cracked. The occurrence of in- 
complete welds is not indicated on the strength-current 
characteristics in this report. 

For more information regarding later developments in 
this field, the reader is referred to the many papers which 
have appeared on the subject in THE WELDING JOURNAL 
and other publications since 1941. 

THE AUTHORS 
July 26, 1945 
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PREFACE 


According to Fodor, the beginning of resistance welding by the 
flash-welding process dates back to the year 1886. However, it 
was not until after 1917 that it began to be developed into a prac 
tical method, which found increasing application about the middle 
of the twenties. Its importance today may be emphasized by the 
fact that, at present (1936), in Germany there are flash-welding 
machines capable of welding cross sections up to 20,000 and 25,000 
q. mm. (31 and 38 sq. in.). 

Despite this development, very little has ever been published on 
flash welding. This may be explained by the fact that the flash- 
welding process evolved exclusively from practical experience. In 
the course of its development no special complicated installations 
nor machines were required. Its simple technique made the need 
of extensive research unnecessary. This also explains why re- 

sistance pressure welding has not reached the importance of fusion 
welding. 

Recently, flash welding has become more important because of 


* Translation of Fertigungstechnik und Giite Abbrenngeschweisster Verbin 
jungen; final report on NDRC Research Project NRC-13, OEMsr-451. 
Published with the permission of the Office of Scientific Research and De 
velopment. This book was translated by S. L. Hoyt, N. Baklanoff and R. W 
Bennett in the course of work done for the National Defense Research Com 
mittee by Battelle Memorial Institute under an*°OSRD contract under the 
direction of the War Metallurgy Committee. 

} Published by Friedrich Vieweg and Sohn, Braunschweig. 


413-s 


the increasing ability to weld large cross sections. It has also been 
found to be a valuable method of economizing on the use of foreign 
raw materials. At the same time its efficiency and its wide ap- 
plicability have not been utilized to their fullest extent 

The increase in the size of welded cross sections, the technical im 
provement in the machines, and the opening up of new fields of 
application with increasingly difficult demands, have made it neces- 
sary to consider more thoroughly the separate steps in the process 
and their effect on the strength of the joints. The present work is 
a thesis presented to the Technische Hochschule Dresden (Dresden 
Institute of Technology), which was based on research performed 
during 1931-34 at the Siemens-Schuckert Works. It is hoped that 
this publication will further the development of flash welding and 
will stimulate a wider interest in this field. 

I am greatly indebted to the Siemens-Schuckert Works, particu- 
larly to Dr. Bingel, Director and head of the welding machine de- 
partment, and K. Meller, Chief Engineer, for providing facilities for 
this research. I also wish to express my sincere thanks to my re- 
spected teachers, Professor Ewald Sachsenberg and Professor Lud- 
wig Binder, for their stimulating participation in and continuing 
support of the work. I am, however, no less indebted to the pub- 
lishers, Friedrich Vieweg and Sohn, for their generous compliance 
with my wishes, which has also made it possible to publish the work 
in its present form. 

HANS KILGER 
Berlin-Siemensstadt, May 1936 


TRANSLATORS’ PREFACE 


This is Part II of the final report on NDRC Research Project 
NRC-13, consisting of the complete translation of the German 
book, Fertingunstechnik und Gite Abbrenngeschweisster Vervindun- 
gen (Production Technique and Quality of Flash-Welded Joints 
written by Dr. Hans Kilger in 1936. 

In March and April of 1943, an abstract by L. A. Ferney of the 
above book appeared jn the British publication Welding. This 
abstract was also published in the August 1943 Welding Journal 
Supplement. The articles stimulated such widespread interest that 
a complete translation was requested as a supplement to the pro 
gram conducted at Battelle Memorial Institute on Project NRC-13 

Dr. Kilger’s thesis is the most complete publication on flash 
welding that has appeared in the literature to date. Although 
limited in his work to manually operated machines and to the sim- 
pler commercial carbon steels, the author has considered and par 
tially answered many of the problems confronting industry today 
A good explanation of the fundamental concepts of flash welding has 
been presented, as well as a discussion of what tests should be used 
to determine the strength and quality of flash-welded joints 
The author's data on the effect of temperatures and upset pres 
sures on the quality of flash-welded joints, and his methods for ob 
taining these data, are particularly instructive and should provide 
a basis for further research along these lines. Kilger admits that 
the short-cut method of fatigue testing used by him is acceptable 
only for comparative purposes, so more modern and acceptable 
methods should replace those he used 

The data given and the author’s conclusions are very much in 
line with the results and conclusions of other investigators in the 
flash-welding field obtained since the start of the war. The de 
mands of the Army and Navy Departments for better and faster 
methods for joining aircraft, ordnance and other structures have re 
sulted in a substantial increase in the use of flash welding and have 
stimulated further research to determine the utility and limitations 
of the process. Dr. Kilger’s book gives an excellent basis for the 
extension of flash welding into the newer, and more exacting, fields. 
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Introduction 


HE RESULTS of flash welding, like those of all 

of the electrical welding processes, depend upon 

the simple control of the heat supplied to the work 
according to quantity, time and place. Though the ad- 
vantages of the ordinary butt-welding process (resistance 
pressure welding) were recognized, flash welding, which 
was a later development, not only reduced the costs by 
its method of localized heating, but also introduced a 
noteworthy improvement in production methods. The 
flash-welding process thus led to a considerable extension 
of the application of resistance welding even into fields 
which had previously not even been considered. 

The fact that the flash-welded joint is greatly superior 
to those of other welding processes, and in many proper- 
ties is even superior to the base material, has long been 
known. Nevertheless, this experience is not always ade- 
quate as a basis for evaluation, because by extending the 
applications, new requirements of such a different nature 
arise that it is frequently necessary to determine in ad- 
vance the suitability of the joints. In particular, there is 
a lack of data on the fatigue life or endurance of the 
joints, which must, among other things, be tested under 
conditions which simulate their practical application, for 
example with the as-rolled surface, the effect of which has 
only recently been recognized. 

As a defective welding procedure can generally be dis- 
covered only by gross surface defects, the welding process 
must be controlled for uniformity in production. The 
pertinent literature, though the properties are given, does 
not include any data on the welding conditions. Conse- 
quently, it does not show how defective welds are to be 
avoided. As the published reports fail to give welding 
schedules, the strength data which are included lose their 
value, since there is always doubt regarding the true con- 
ditions under which the joints were made. 

It, therefore, becomes necessary to verify and supple- 
ment data obtained from practical applications to estab- 
lish the welding technique. Such tests must bring out the 
diverse and basic effects of steel manufacture, which 
knowledge is imperative for reliable flash welding. By 
these tests the designer will know the strength character- 
istics essential for a safe specification for the joints. 

In the following work it has beén sought to lay this 
foundation. With the wealth of the material available 
it seemed advisable to plan the experiments on the sim- 
plest basis possible, and in so doing to sacrifice the ad- 
vantage of a broader application of the results. The ma- 
terials that were exclusively used were the commercial 
wrought steels: St 00, St 37 and St C10.61 (see Table 3).* 
For the same reasons, most of the welds were made with 
specimens of 30 mm. (1.18 in.) nominal diameter. De- 
spite these restrictions, the study of a number of impor- 
tant details could not be completed. However, the infor- 
mation obtained will serve as a stimulation for further re- 
search. 


Methods and Equipment 


The heat needed for flash welding is supplied by an 
electric current of high amperage and low voltage. Al- 
ternating current is generally selected so that a simple 
transformer may be used. The work is connected in the 
secondary circuit of the welding transformer, so designed 
that the greatest resistance in this cireuit occurs in the 
parts to be welded. Consequently, as the current passes 


* Steel OO has no strength or composition limits, but runs under 71,000 
psi. (50 kg./mm.* tensile). Steel 37 is unspecified as to composition and tensile 
strength-——52,500 to 64,000 psi. (37-45 kg./mm.*). These steels are not re- 
quired to be killed. Steel C10.61 is 0.06-0.138% C, 0.50% Mn maximum, 
0.35% Si maximum, P and 80.04% maximum, sum of P and S 0.07% maximum 
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through the work, and intense localized heating oceyr. 
between the contact faces. During the flashing periog 
the heat generated is intensified by the inadequate coy 
tact between the faces to be welded, which rapidly brings 
the flashing surfaces to a high temperature. On both 
sides of the flashing surfaces the temperature falls rap 
idly off, resulting in a narrow heated zone. Therefor 
upon upsetting, a smaller increase in a cross section i 
formed than in simple butt welding. At the joint a smalj 
ridge (flash) forms which is easily removed. 

The most important part of the flash-welding equip 
ment is the welding transformer, the primary circuit o/ 
which contains a series of taps and is connected to the 
line through a circuit breaker. <A selector switch regu 
lates the transformation ratio and, therefore, the curren: 
intensity of the welding circuit. The secondary circuit 
of the transformer consists of flexible copper busses 
The ends of the secondary leads are connected to the dies 
(electrodes) which hold the work. 

The dies are manually controlled, or, in larger flash 
welders, by an electric motor or by compressed air. Thes: 
dies must be able to hold the work securely enough so 
that during the upsetting operation there will be no slip 
page of the work in the dies because of the tremendous 
upsetting forces. One pair of dies is stationary on th 
machine frame, while the other is fastened to a plate: 
which can be moved in the upset direction. 

The necessary movement of the work is produced by 
the mechanical displacement of the platen. In smalle: 
flash welders, the platen is generally moved by means of 
a rack and gear which is hand operated. The gear ratio 
must be such that the upsetting action can be accom 
plished with a sufficiently rapid and powerful forc 
Equipment for flash welding cross sections greater than 


6000-8000 sq. mm. (9.3 to 12.4 sq. in.) must be equipped 


with a motor drive, since otherwise either one or the othe: 
of the two above-mentioned conditions could not be ob 
tained, depending on the gear ratio selected. Flash 
welders having a motor-driven upsetting mechanism ar 
called semiautomatic. Completely automatic butt and 
flash-butt welding machines have a drive and contro! 


Schuckertwerke A.-G. 
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Fig. 1--Butt-Welding Machine Model WS6 of the Siemens. 
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Fig. 2—-Wiring Diagram for the WS6 


mechanism for the platen so that prior to upsetting, the 
travel during the welding cycle is carried out automati- 
cally. The dies may be also connected to the control 


mechanism. 


The machines are constructed according to their type 
and use. The basic design is not modified thereby. 
Figure 1 shows the butt and flash-welding machine, Type 
WS6, used for this investigation at the Siemens-Schuckert 
Works. The machine is hand operated and will take 
cross sections up to 4000 sq. mm. (6.2 sq. in.) in produc- 
tion. The water-cooled welding transformer has nine 
taps, and is located in the housing of the machine. The 
open-circuit voltage may be regulated between 2.5 and 
ov. The tap setting is changed by a handwheel on the 
side of the machine. Two pedals are used for switching 
the transformer on and off. 

The movable platen is driven by a rack and gear by 
means of a handwheel. One full rotation of the wheel 
moves the platen 11.4 mm. (0.5 1n.). The work is held 
in two dies inserted in water-cooled blocks. For clamp- 
ing the work in the dies, the upper jaws are opeved by 


‘or immediately after upsetting. 


means of two handwheels. A ratchet lever is provided to 
tighten and lock the dies. 

Figure 2 shows the wiring connections for the trans- 
former tap settings. Figure 3 shows the static charac- 
teristics of the WS6 type flash welder. For simplicity 
the various die openings are given for only Taps 1 and 9. 


Welding Procedure and Terminology 


For welding, the parts are perfectly aligned and 
clamped in the dies. The ends of the parts protrude from 
the inside faces of the dies by the “initial extension’ 
(initial extension is the dimension from the die which 
clamps the material to the abutting ends of the work). 
When the current is turned on, preheating begins. This 
preheating consists of bringing the ends of the pieces to- 
gether and separating them several times in succession, 
each time causing a short circuit. The work is heated 
during this passage of current, particularly at the butting 
surfaces. 

After a certain length of time, the operator changes 
from the intermittent heating to a more uniform heating 
produced by opening the gap after a short circuit by an 
amount which permits a continuous flow of current. This 
starts the flashing period. An eruptive process, which 
immediately starts, audibly and forcibly throws particles 
of the material out from between the flashing surfaces. 
The operator must advance the work uniformly and 
without pressure in order to compensate for the material 
burned off, thus keeping the flashing gap uniform. Ad- 
vancing the work requires a certain amount of experience 
because if it is too rapid, the flashing will be interrupted 
by a short circuit, while if it 1s too slow, the flashing will 
stop. The decrease in length (burn-off) can be followed 
on a scale. 

After the ends of the work have been sufficiently 
heated, they are brought together by a quick and power- 
ful upset. With this “bump,” slag and overheated metal 
are forced out of the weld, and the two ends are lightly 
upset. While the pressure is on, the grains of the two 
contact surfaces coalesce, thereby causing the actual 
welding. The welding current is cut off either just before 

This completes the 
welding operation. 

Since the various phases of flash welding are corre- 
lated with the amount of energy output of the trans- 
former, the welding process can be graphically recorded 
by an oscillograph. Furthermore, 
the movements (of the platen), 


SECONDARY VOLTAGE Eo 


Die Opening 


Welding 


which amplify the picture of the 
process, may also be recorded by a 
comparatively simple arrangement. 
For this purpose an autographic re- 
corder was used whose pen was con- 
nected directly to the platen by 
means of a linkage with a ratio of 
1:2.S4. Figure 4 shows the timing 
of the various phases during the 
flash welding of a steel bar of 30 
mm. (1.18 in.) diameter using Tap 
7 on the WS6 flash welder. Corre 
lated with time are: (a) platen tra 
vel, (>) the platen speed calculated 
from the platen travel and (c) the 
energy output of the transformer. 


(1.97 in.) 
(2 in.) 
(4.72 in.) 


The welding begins at the instant 


0 5000 15000 20000 25000 of the first short circuit. Because 

of the inertia of the instrument, 

SECONDARY AMPERAGE Io the load does not immediately 

Fig. 3~-Static Characteristics ot the Model WS6 rise to the peak value. The abut- 
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Fig. 4-- Schematic Diagram of the Flash-Welding Cycle 


ting ends of the pieces are separated shortly thereafter, 
as shown on the diagram. The current output drops, 
but again not abruptly. A second short circuit follows 
and the cycle is repeated. After repeating this cycle sev- 
eral times, the curve of the platen travel which had at 
first dropped below the starting value, gradually rises. 
The backward movement of the platen at the beginning 
of welding is without doubt due to the thermal expansion 
of the work. After a few seconds the gradually decreas- 
ing thermal expansion is no longer significant as it is 
masked by a second phase of the operation, which has an 
opposite effect. That is, each time the circuit is opened, 
a loss of metal occurs owing to the high current density, 
which continuously increases the movement of the platen 
to bring the pieces in contact with each other. As the 
parts now should not be separated so far that the current 
stops, the platen travel curve gradually begins to rise. 
After about the seventh short circuit, a continuous pas- 
sage of current is supported by the flashing action. From 
the simultaneous rise in the curve for platen travel, the 
increasing loss of the metal is immediately recognized. 
After the ninth preheating contact, another short flash 
could be observed. After the eleventh short-circuit 
contact, in this case, the preheating process is complete. 

During the flashing period the current consumed is 
about one-third of the amount consumed during preheat- 
ing. The unevenness of the current input justifies the 
assumption that sizable changes are continuously occur- 
ring at the flashing surfaces. At the same time, the mov- 
able platen is advancing quite uniformly. 

At the instant of upsetting, the platen travel curve 
rises very steeply and almost vertically, and then changes 
directly into a horizontal. The power input also rises 
simultaneously from the short circuit, and then runs 
horizontally until the current is cut off. While the flash- 
ing cycle is completed when the current rises to the short- 
circuit value, the actual welding is comics as soon as 
the platen movement ceases. 

The preheating and flashing times can be read directly 
from the curve for power input. Only the total welding 
time may cause some doubt. Strictly speaking it should 
cease with the upsetting operation. Since the amount of 
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upset in most cases is not recorded and the energy input 
curve does not show the exact end of the upsetting opera 
tion, and then too postheating rightfully belongs to weld 
ing and contributes to the power input, for the sake oi 
simplicity, therefore, the postheating period is included 
in the total welding time. This also corresponds to th 
transformer time. If the postheating period is not excep 
tionally long, no complications will arise, for the tot 
welding time is determined principally by preheating a1 
flashing. 

The total loss in length of the work, consists of th: 
preheating, flashing and upsetting losses. In the last : 
included the increase in cross section. 


Welding Schedules and Machine Limitations 


One might expect that flash welding could be closel 
prescfibed on the basis of exact data as is done with ma 
chine tools. If so, flash-welding operations could be set 
up from knowledge of the properties of the material 
(electrical conductivity, weldability, heat flow (War 
meempfindlichkeit)), and from the size and form of th 
cross sections, the die openings, the transformer tap sect 
tings, the preheating and flashing times, and, finally, th 
upsetting force and the upsetting velocity. 

Attempts to set up flash welding or. such a basis art 
bound to fail because of the variations in material, in th: 
shape of the cross sections, and many other factors that 
cannot be standardized. For example, when using suc! 
low voltages even small variations in the contact resis‘ 
ance affect the process. The surface finish also must by 
taken into consideration. 

Just as with the amount of heat supplied, it is also ver) 
difficult to determine the heat losses from radiation, 
duction and flashing. There are similar difficulties with 
the upsetting process. Along with the temperature im 
mediately before upset and the shape of the cross se 
tion, the properties of the material such as hot strengt! 
and weldability at different temperatures, thermal prop 
erties, etc., affect the result. In manually controlle« 
flash welding, without taking into consideration th 
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Welding 


Production Energy Consumed 
Initial Die Opening Cross Section (1) Trans. Tap Time, Limit, per 10 Joints, 
Min ba Sq. Mm Sq. In. Setting Sec. Pes./Hr K.W.H. 
0. 28-0. 38 100 0.16 3-4 20-12 140-170 0.15 
12-16 0.47-0.63 250 0.39 4-H 25-20 100-140 0.45 
15-20 0.59-0.79 400 0.62 5-7 28-22 85-115 0.75 
1-25 0.79-0.93 600 0.93 6-8 30-25 68-85 1.3 
25 30 0.93-1.18 900 1.40 7-9 50-30 50-65 92 
30-35 1. 18-1.38 1200 1.86 8-9 80-45 10-45 3.4 
35-40 1.38-1.58 1600 2.48 8-4 120-80 25 5.0 
10-50 1.58-1.97 2500 3.88 +S 180 12 10.0 
10-58 1.58-2.28 3200 4,97 280 18.5 
55-65 2. 16-2. 56 4000 6.20 9 () 


1) All of the cross sections apply to straight lengths of round and rectangular steel bars. 


above-mentioned factors, 1t would be very difficult to 
control these high-speed operations. 

On the basis of these facts, the use of such specific di 
rections must be dispensed with. It is, however, desirable 
to furnish the operator with operating data which are as 
definite as possible. Furthermore, these data are needed 
to show the capacity and limitations of the flash welder. 
[hey are given in the tables of machine characteristics. 
lable 1 gives the data for the WS6 type flash welder. The 
fact that in most cases, ranges are given instead of defi- 
nite values, and that the figures cover only straight round 
and square steel bars of commercial quality, is due to the 
difliculties just mentioned. The data are primarily for 
industrial use. The production of the flash welder is 
based on the number of pieces welded per hour. 

It is now the shop’s problem to carry out the process 
within the specified limits and to produce strong, uniform 
joints according to specifications and at the lowest pos- 
sible costs. Furthermore, it may become necessary to 
exceed these limits and weld under exceptional conditions. 

To keep the labor costs down, short welding times 
should be tried. Since the heat losses depend principally 
upon the time element, that means that high-speed 
welds consume less power for the same cross section. 
The tendency, therefore, is always to weld with the high- 
est possible energy. This condition is sometimes unavoid- 
able, and leads to unusual welding conditions when the 
machine available is too large for the work concerned 
even at the lowest transformer tap. The opposite case 
occurs when it is desired to weld parts whose cross sec- 
tion is too large for the available machine. Since under 
these conditions the work is heated slowly, the welding 
will require a relatively long time. It is very seldom that 
the maximum cross-sectional capacity of a machine is 
used, but sometimes single jobs are done under such 
conditions. Within certain limits, longer welding times 
are prescribed for better utilization of the machine for 
mass production. As the amount of energy consumed 
for constant welding time increases in about direct pro- 
portion to the cross section of the work, a machine would 
give a correspondingly higher output for the larger cross- 
sectional areas. In order to decrease the initial machine 
cost, longer welding times have to be accepted. The lat- 
ler are sometimes necessary for other reasons; conse- 
quently, higher operating costs are accepted in prefer- 
ence to higher installation costs. 

No data are given in the tables for the movement, time 
and force used in upsetting; only the constant gear ratio 
for the upsetting mechanism is fixed. Because of the high 
energy usually used for small cross sections, the flashing 
period will be short and, therefore, it is necessary to have 
the facilities to increase the platen speed to obtain an 
effective upsetting. The larger the cross sections become, 
the more powerful the upsetting force must be. It can- 
not be stated to what extent the joint strengths are 


lowered if the upsetting pressures are not increased pro- 
portionally with the cross sections. 

As may be seen, the welding of the same parts may 
follow several entirely different procedures. Even though 
the data tables allow a wide range for acceptable welds, 
there are still cases which call for welding under excep- 
tional conditions. In order to determine the possibilities 
in this respect, it seems desirable to investigate the indi 
vidual phases of flash welding in greater detail. 


Preheating and Flashing 


Since the observations and results obtained in pre 
heating and flashing in the flash-welding process are so 
closely related to short-circuit heating developed in ele 
ments of shunts and electrical connectiéns (investigated 
by Binder and supplemented by many other research 
workers) it seems desirable to use certain ideas and com 
ments from that source for clarification of these phe 
nomena. 

Since the ends of the work are not usually especially 
prepared for welding, only a small portion of the contact 
surfaces come together during the first preheating. 
Therefore, the actual contact area of the surfaces 
through which the electric current flows, despite the 
pressure exerted, is considerably smaller than the cross 
section of the entire piece. Through the bar, a normal 
uniform current (concentric, parallel flow lines) flows 
which converges at the contacting points to form a high 
localization of current, which results in an intense gener 
ation of heat. At the first instant, the temperatures ris 
linearly with time since there is no effective heat loss 
As the first preheating short circuit continues, the 
local increase in temperature is dissipated by absorp 
tion of the heat in the comparatively large mass of ma 
terial at the abutting surfaces, which is still cold. How 
ever, the heating continues far enough to soften the 
contact points. This causes an increase in the actual 
contact surface, due to the pressure exerted, thus produc 
ing better current conduction. On the other hand, the 
conductivity and specific heat, which vary with temper 
ature, produce an accelerating increase in electrical re 
sistance in those sections which are most highly heated 

The temperature distribution in the work and the way 
these temperatures increase as welding proceeds, can be 
most easily visualized from the picture of the electrical] 
flow lines (which give the intensity and path of the cur 
rent). The highest current density prevails at the abut 
ting surfaces (the contact points). From there the lines 
of force go in both directions in a spherical pattern which 
later changes into parallel lines along the axis of the 
work. Therefore, heating is greatest at the contact 
points corresponding to the high current density. Since 
high currents are used during preheating, requiring a 
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Table 1—Machine Characteristics of the WS6 
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large amount of energy from the circuit, an appreciable 
heating occurs not only where the spherical pattern of 
the current lines prevails, but also in the parts of the 
work where the lines of force run parallel. 

After the contact surfaces are separated, the circuit 
is broken and heat generation ceases. The temperature 
of the contact surfaces drops because of the heat absorp- 
tion by the body of the work. During the current-off 
period, temperature equalization tends to take place, and 
by repeating these short circuits, the ends of the work 
are preheated. 

During preheating, the actual contact surfaces become 
gradually larger and the contact resistance drops. At 
the same time, however, the specific resistance of the 
material rises because of the higher temperature so that 
the peaks of the individual preheating short circuits are in 
about the same range, as shown in Fig. 4. 

The flashing-out of highly heated material, which is 
particularly noticeable toward the end of the preheating, 
is caused by the beginning of flashing which takes place 
when the circuit is broken. This phenomenon helps to 
even up the contacting surface and gives the operator 
an indication of the proper time to begin flashing. 

After the contact surfaces have been brought to a 
specific temperature level by preheating, flashing takes 
place immediately after the last short circuit. During 
this part of the process the ends to be welded are slowly 
brought together without any perceptible pressure. At 
the slightest contact of the work a passage of current 
takes place which, because of the very low contact pres- 
sure, causes an intense heat generation at the contact 
points. At these points the metal becomes fluid almost 
instantaneously. This fluid metal forms a bridge which 
carries the currént (Fig. 5). The shape assumed by this 
bridge is probably determined largely by the surface 
tension of the fluid metal. As a consequence of (elec- 
trical) overloading at the smallest cross section, the 
bridge is broken in a very short time by vaporization of 
the molten metal, which results in ejection of a part of 


Fig. 5—Current Bridge During 
Flashing 


the remainder. The detonations, and the quantity of 
and distance to which the ejected metal is thrown, testify 
to the violence of the flashing process. Craters remain 
behind on the contact surfaces which were formerly the 
locations of the current bridges. These craters corre- 
spond approximately to a constant temperature surface. 
Therefore, this surface represents a source of heat. 
Immediately after the first explosion (of the current 
bridge), the surfaces are again brought into contact by 
the continuous advance of the work, whereupon the 
cycle repeats at new contact points. For the kind of 
flashing which is desired, rough contact surfaces are re- 
quired since the passage of current must be restricted to 
small cross-sectional areas to produce the melting. and 
evaporation of the metal. By continuously changing 
the location of the contact points, the loss of material is 
equalized over the entire cross section. The individual 
explosions occur in such rapid succession that the im- 
pression of a continuous process is given, which is called 
“flashing.”” The rapid sequence of the individual explo- 
sions not only causes uniform heating of the contact sur- 
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faces but also causes metal evaporation, serving as a pro. 
tective factor against oxidation. 

While the current flows during the preheating perio, 
like the smooth flow of a liquid from one container ty 
another, as through a “hole in a thin wall,” the curren; 
flow during the flashing period corresponds to the sam 
characteristics as the hydrodynamic pattern of water 
flowing through a ‘“‘hole in a thick wall.’’ As commonly 
visualized, this would correspond to an alteration in the 
type of contact from a “‘ball against a plate’’ (during pre 
heating) to a “‘plate against a plate’ (during flashing 
Hence, the heating conditions present during the pre 
heating period are basically different from those during 
flashing. During the preheating period, the heat is dis. 
tributed uniformly at the ends of the work; while during 
the flashing period, the heat generated at these bridges 
is distributed to the whole contact area, though a large 
part of the heat is lost with the ejected metal. The 
length, cross section and temperature of :the current 
bridge cause such a high electrical resistance that the 
drop in energy input from the weld transformer to about 
two-thirds of that required during preheating, according 
to Fig. 4, may be readily accounted for. This compara 
tively low energy input from the transformer conse 
quently results in a negligible amount of heat generated 
from the spherical current flow at the abutting surfaces 
and extremely low heat generated from the linear current 
flow immediately behind the abutting surfaces. Heating 
the ends during flashing comes almost exclusively from 
the contacting surfaces, or from contact points which 
shift about over the whole flashing surfaces. The shift 
ing of these local sources of heat may be observed in 
later temperature measurements, illustrated in Fig. 25 

By means of a series of observations, this picture of 
the individual processes may be confirmed. If, for ex 
ample, the flashing is interrupted, the contact points of 
the current bridges appear as craters on the abutting 
surfaces. Since both of the abutting ends are similarly 
heated, the effect of the metal vapors on the flashing sur 
faces should be about the same. In fact, the craters ar 
not only exactly opposite each other, but they also have 
about the same form and size, as shown in Figs. 6 and 7. 
On the basis of the appearance of the abutting surfaces 
it is possible to evaluate the influence of the welding cur- 
rent. The higher the current applied, the more vigorous 
the individual occurrence of the flashing action, and the 
rougher will be the abutting surfaces. In Figs. 6 and 7 it 
is clearly seen that the depth of the craters increases with 
the energy input. It should be noted particularly that 
in welding with high currents, little pits appear on the 
bottom of the craters. In Figs. 6 and 7 these points are 
specifically marked (point A ). 

A further observation is advanced to amplify the 
picture of the flashing process. Experimentally it may 
be confirmed that the flashing action is instantaneously 
stopped when the advance of the work is interrupted, and 
conversely that when the movement is resumed, flashing 
immediately begins, provided the flashing surfaces have 
not cooled too much in the meantime. The instantaneous 
interruption of flashing when the platen movement stops 
only shows that each individual flash must be produced 
by external means which causes the end faces to touch 

The gap between the flashing surfaces is very smull. 
Figure 8 is a photograph of the flashing gap, taken with a 
fast-action camera with a slit-type shutter, in !/ 99 ©! 4 
second. Magnification is 2 times actual size. The shut 
ter closed horizontally, so that the points of the abutting 
surfaces were simultaneously exposed. Using a sulll- 
ciently high current it is possible for several current 
bridges to be present simultaneously. 

A simple way to get a better idea of the flashing process 
is through an investigation of the electrical conditions 
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Fig. 6—Flashing Surfaces of 30-Mm. (1.18-In.) Round Steel 


Bars After Flashing Off 15 Mm. (0.59 In.) on WS6. 


Formation in Crater) 


(A— Pit 


the welding circuit during flashing. By examining the 
power input curve plotted in Fig. 4, it may be seen that 
flashing must be the result of individual occurrences 
which are associated with a highly variable energy input 
consumption. Oscillograms of the current and voltage 
variations in the welding circuit should give further in- 
formation. However, a great many difficulties would be 
encountered in measuring these factors, as pointed out by 
Hellmuth. Under these conditions (low voltage, high 
amperage) the inductive influence of the welding circuit 
is inevitably impressed on the recording circuit. The 
disturbing currents in the recording leads are, moveover, 
of about the same magnitude as the ones to be measured, 
so that the oscillograms do not show the true variations of 
the voltage and amperage. The oscillogram of Fig. 9 
shows two curves. The lower curve gives the voltage at 
the flashing surfaces measured across the dies on the 
flash welder. In addition, the voltage was taken between 
two points in the circuit which do not include the weld. 
is giveryby the upper curve. The peaks indicate that 
the current tends to be broken, whereby a back surge 
may occur due to the presence of high self-inductive 
currents, which might possibly contribute to the evapora- 
tion of the molten metal. It is possible that this fact has 
some connection with the pit formation in the cavities 
previously mentioned, when an excessively high-welding 
current is applied. 

At times flashing has been considered to be related to 
the occurrence of stable ares, or even explained in that 
manner. On the basis of existing information it is impos- 
sible to believe that stable arcs and the individual flash 
occurrences could take place simultaneously, for one ex- 
cludes the other. Flash-welding experiments with direct 
current might give additional information, as d.-c. arcs 
are more stable than a.-c. arcs. Such experiments may 
also be interesting in that they might be expected to pro- 
vide, among other things, certain conclusions on maxi- 
num weldable cross sections and on suitable designs for 


automatic control arrangements on a welding machine. 
In this connection it should be noted that flashing pre 

supposes a fixed minimum area of the contacting sur- 
faces, and that even with the most favorable regulation of 
amperage and voltage, itis not possible to flash weld 
sections of (less than) a certain size. 

On the basis of this picture of flashing, certain other 
questions can be taken up. Thus, it would be advanta- 
geous to know what the conditions are at the beginning 
of flashing. It is obvious that the electrical energy must 
be sufficient to melt the metal at the contacting surfaces 
in the shortest possible time in order that the current 
bridges may follow each other in rapid succession. | If 
the electric energy is high enough, it is entirely possible 
to start flashing of the work in the cold state, disregard 
ing the danger of such a procedure. If there is not a suf- 
ficient amount of energy available, then a portion of that 
required for melting must be previously supplied to the 
material being welded. This is possible within a wide 
range, because preheating may be maintained for any de 
sired period of time, which, as already mentioned, favor- 
ably affects the operating limits of the machine and its 
weldable cross sections (capacity ). 

The limits of platen speed may also be established from 
the flashing phenomena. With too rapid an advance, 
the current bridge between the abutting surfaces is com 
pressed before the flash occurs. As the cross section of 
the contact points increases, the electrical resistance cor 
respondingly decreases, and the bridge is not disrupted 
but is compressed. A short circuit occurs which inter 


Fig. 7—Longitudinal Sections Through the Flashing Surfaces 
of Specimens Shown in Fig. 6. (A Pit Formation in Crater. 
Flashing Surface) 
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Fig. 9-—Oscillogram of the Flashing Cycle 
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Fig. 8—Ends of the Work During Flashing 


feres with flashing at other points on the abutting sur- 
faces. The lower limit should also be determined. If 
the platen movement is very slow, there are correspond- 
ingly few flashes per unit of time. As a result of the 
insufficient heat supply, the temperatures of the ends of 
the work fall. As soon as a lower limit, which corresponds 
to the given energy conditions, has been passed, no more 
flashing occurs, and further advance of the platen will 
likewise result in a short circuit. 

The difference between the fastest and slowest platen 
speed is important because it gives a criterion or limiting 
factor for the precision with which the platen speed can 
be controlled. Figure 10 shows that such a range exists. 
It shows the platen speed, calculated from the platen 
travel-time curve, plotted against the welding times ob- 
tained while hand welding several steel bars of 30 mm. 
diameter using Taps 5 and 8 of WS6. For the sake of 
clarity, the preheating contacts have been omitted. The 
speed of platen travel is a true reflection of the move- 
ments of the manual drive. The curves, therefore, pro- 
vide a means to determine the ability and peculiarities 
of the individual operator. So it is for example, that the 
first increase in platen speed at the start of flashing is 
characteristic. Toward the end of preheating the opera- 
tor notices a rather sudden loss of material due to flashing 
and automatically moves the platen too rapidly, a con- 
dition which he later equalizes by slowing down the 
platen movement. He then tries to adjust uniformly to 
the flashing behavior at the contact surfaces. Small os- 
cillations show that the flashing process can tolerate cer- 
tain deviations from a mean platen speed. The smaller 
the deviations during welding, the higher the operator's 
experience and ability are rated. Further tests in this 
direction were discontinued. However, a simple and 
practical qualification test to determine an operator's 
ability and understanding of the flash-welding process 
would be to have him make a weld without the aid of his 
hearing, or without the aid of his vision, or without either. 

Toward the end of the welding cycle, the platen veloc- 
ity reaches a mean maximum value, which varies with 
the different current levels during welding. For the pur- 
pose of determining this relation, a large number of 30- 
mim. diameter, round steel bars were welded using Taps 5 
and 8 of the WS6. The total material lost ranged be- 
tween 16 and 21 mm. (0.63 and 0.83 in.) The results 
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Fig. 10—-Curves Showing Rates of Platen Travel During Flash Welding of 30-Mm. 


(1.18-In.) Round Steel Bars on WS6 


of these measurements have been plotted in Figs. |1 to 
13. A scattering of the individual values on the graph is 
unavoidable for manual flash welding. 

As Fig. 11 shows, the mean final flashing velocity in 
creases considerably with energy input. Preheating ex 
erts a noticeable influence. Both of the curves in Fig. 12 
obviously tend toward a maximum value. It is interest 
ing that a maximum value is actually reached while weld- 
ing with Tap 5, while this is not the case with Tap S. 
Therefore, with a high energy input, there is a tendency 
for the flashing to start comparatively early. These con 
ditions would have little effect upon the total welding 
time and, therefore, the economy of the process would 
not be appreciably affected. 

In this investigation the relative proportions of the 
total material lost due to preheating, flashing and upset- 
ting were determined. Almost regardless of the tap set- 
tings, the material losses were about as follows: 6 to 7‘; 
during preheating, 77% during flashing and 16° during 
upsetting. In this investigation the flashing period was 
considered to start when the first flash occurred during 
the preheating period and the observed temperature oi 
the abutting ends seemed high enough to initiate satis- 
factory flashing. It is possible, by preheating longer, to 
reduce the flashing time. This procedure, however, «i 
pends upon the skill of the operator as well as other fac- 
tors that must be considered. Whether this reduction in 
the flashing time causes much of a variation in the ma- 
terial loss percentages seems questionable. 

The size and shape of the cross section to be welded has 
an influence on the platen speed during flashing just as 
the tap setting has. To get a general idea of this, tests 
were run on the flash welder using Taps 3; 5, 7 and 9 o! 
the WS6 for each size of material, each time with one 
round and one rectangular bar or tube with cross sections 
of 130, 300, 700 and 1250 sq. mm. (0.20, 0.47, 1.09 and 
1.94 sq. in.). These results have been plotted in Fig. | 4. 
The curves for the round bars are somewhat higher, pre- 
sumably because the round bar has a more favorable sur 
face relationship resulting in lower heat losses. The dis- 
advantage of poorer current contacts of the work in the 
dies was not shown on the curve. For all tap settings 
there was only a slight variation in the platen speed when 
flash welding material of the same size but of different 
shape. It is of interest to note that welding with higher 
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work out a practical method for this 
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Figs. 11 to 13—Influence of Energy Input and Preheating on the Mean Final Flash- 
ing Velocity of 30-Mm. (1.18-In.) Round Steel Bars on Taps 5 and 8 of the WS6 


currents showed up no appreciable increase in the final 
platen speed. These partly unexpected results were con 
firmed by additional tests. In confirmation of the pre 
ceding tests, it developed that the mean end platen ve- 
locity is always very low when flashing is started on cold 
work. 

If the mean platen velocity at the end of flashing 1s 
plotted against the weld cross section, for different en 
ergy inputs during welding as expressed by the tap set 
tings, the generalized curves shown in Fig. 15 are ob 
tained. By referring to the table of machine constants of 
WS6, it may be seen that the platen speed in this case 
nay go as high as SO mm./min. (3.15 in./min.), as shown 
by the dotted line in Fig. 15.‘ With cross sections of 1200 
sq. mm. (1.92 sq. in.) the platen speed will be only about 
‘0 mm./min. (1.58 in./min.); from this point it drops to 
the curve for Tap 9. However, even when welding cross 
sections of J 200 sq. mm. (1.92 sq. in.), less than one-third 
ol the possible welding capacity of the machine is uti- 
lized. From this it may be seen that in the majority of 
applications of WS6, a platen speed of less than 40 mm. 
min. (1.58 in./min.) will be used. For automatic weld- 
ing machines the possibility exists of regulating the 
current input for a given cross section, so that the platen 
speed will remain essentially constant during the flashing 
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| ] temperatures are fairly equalized over 
E | the cross section of the work at every 
g 60 | point so that the values obtained re 
2 i present the temperature of the work 
>| 50 oom a ends with fair accuracy and can be 
5 x compared. This assumption does not 
° i? x |x™ apply either to the flashing surfaces or 
49 4 to the clamped ends. However, these 
. | two factors have no significance be- 
Z| cause, in the first case, the cross sec- 
FA | ° — | | tions in question are eliminated during 
: | 4 upsetting and, in the second case, the 
a} temperatures have no influence because 
q they are too low. The temperature 
—1 39 of the work under these conditions 
z fs | X TRANSFORMER TAP 5 can be given at any instant during 
M ie : " 8 welding with sufficient precision, if 
0 20 40 60 80 100 120 140 i60 180 200 the change in temperature (with time) 


is known at three or better at four 
pomts on the surface along the longi 
tudinal direction of the work. From 
considerations of symmetry it is suffi- 
cient to make these measurements on 
only one side of the weld. 

Nickel-nickel chromium thermocouples were used for 
the temperature measurements. Holding the thermo 
couples on the work involved many difficulties because 
of the rapid temperature variations. Following several 
failures, the problem was finally solved by spot welding. 
In this way the heat absorption and lag between the 
thermocouple and the work were practically eliminated. 
Since welding made the wires brittle, a supporting ar 
rangement was installed as shown in Fig. 16. An asbestos 
plate was used as a protection against short circuiting 
from the flash. 

During the preliminary tests it was found that a con 
tinuous record of the temperatures (thermal emf's) was 
very desirable. This condition, as well as the necessity 
of obtaining an imertia-free indication, required that the 
measurement be made oscillographically instead of using 
a milliammeter having a lag of from 2-4 sec. A 6-element 
universal Siemens and Halske oscillograph was avail- 
able. A Type 8 galvanometer was selected because it 
could be used directly with the thermocouples without 
intermediate amplification. The galvanometer element 
had the following characteristics: natural frequency, 
1200 cycles/sec.; resistance, about 7 ohms; current 
constant, about 0.02 K 10~—*% amp.; maximum current, 
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Fig. 14 Relation Between the Mean Final Flashing Speed and the Transformer Tap Settings for Different 
Cross Sections of Materials 
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Fig. 15—Relation Between the Mean Final Flashing Velocity 
and the Weld Cross Section 


0.0015 amp. d.c. At maximum load, it gave a deflection 
of about 75 mm. (2.95 in.). 

Unexpected difficulties were encountered during the 
experiments with this installation. These difficulties 
came from interference of strong alternating currents 
in the measuring circuit, which were attributed to the 
resistive and inductive coupling between the measuring 
and welding circuits. The resistive coupling came from 
the metallic connection (the spot weld) “between the ther- 
mocouple and the work. Its action depended upon the 
weld itself and its expansion in the direction of the po- 
tential and thermal gradient. The inductive coupling 
was unavoidable for the further reason that the thermo- 
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Fig. 16—Thermocouple Connections 


couple leads were insulated and could not be twisted 
sufficiently to avoid inductive potential pickup. This 
pickup was especially serious near the couple bead on tli 
surface of the work because of the intense magnetic fields 
near the surface. This interference made it very diflicu!t 
to interpret the measurements, and the wide galvano 

eter deflection reduced the permissible galvanemeter cu! 
rent by nearly a half. In addition it made the evaluati 
of four temperature curves taken simultaneously imps 
sible. Attempts to compensate (the induced current 
oscillations) by inserting oscillatory and rotating loops 1" 
the field of the machine gave no results, because 1! 
compensation was uncertain and also varied during 
flashing. However, these difficulties were finally over- 
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Fig. 18—Construction of the 4 Filter Circuits 


come by the filter circuit shown in Fig. 17 which 
kept induced potentials out of the recording circuit 
so that 1t gave only the thermal emf. The resistances 
of the filter circuit) were adjusted to the maximum ex- 
pected welding potential so that maximum deflections 


could be obtained at all locations, and a decrease in the 
effectiveness of the filter circuit was accepted. 

Besides errors from the locations of the couples on the 
surface, the precision of the temperature determinations 
depended further on warping of the paper during develop- 
ment, and on making the readings for evaluation. If 
the limit of error is 0.25 mm. (0.0098 in.) in reading the 
oscillogram, there will be for an average deflection of | 
mm./mv. an error of 8° C. (14° F.) in the lower 
temperature ranges and 6° C. (11° F.) in the upper 
temperature ranges. In view of the other sources of er 
ror, and particularly the assumptions made in the begin 
ning for the evaluation of the measurements, this preci 
sion seemed satisfactory. Compensation leads were, 
therefore, dispensed with. 

After making the four filter circuits (Fig. 1S), flash 
welds were made and the results recorded in Table 2. 
Since the results are sufficiently consistent, further 
measurements could be dispensed with. 

Figure 19 shows a temperature oscillogram. By means 
of the lower curve on the oscillogram, which shows the 
variations in the secondary voltage measured across the 
dies, the different flash-welding periods can be distin 
guished. When no welding is taking place, the curve will 
indicate the open-circuit voltage; during a short circuit 
there is a steady minimum voltage; and during flashing 
the voltage oscillates irregularly between these two val 
ues. The curves plotted above the voltage trace repre- 
sent the thermopotentials for the thermocouples at the 
positions 1 to4. These curves have different null lines of 
which only the lowest is plotted. The top curve shows 
the time scale. 

To show the temperature changes, the oscillograms ° 
were converted into time-temperature curves with the 
use of the scales and the calibration. In order to make a 
comparison possible, the time-temperature curves had to 


Table 2—Temperature Measurements During the Welding of 30-Mm. (1.18-In.) Round Steel Bars on WS6 


Max. Distance From Flashing 
Tap Welding Time in Seconds. Power Burn- Surfaces to Measuring Point, 
Record Sett- Pre- Post- Input off, mm. Ine mme In. mm. In. mnie In. 
Number ing heating Flashing heating Total (Kw) mo. In. 1 z 3 4 
1113 4 58.8 51.0 3.6 110.4 17 15 59 8 PY 14 255 25 98 37 1.46 
1114 4 59.5 55.3 3.1 117.9 17 14 255 8 232 15 59 26 1.02 37 1.46 
lll 6 19,2 41.2 1.4 61.8 27 18 71 7 228 14 255 24 «95 3 1.46 
1112 6 14.1 46.0 0,3 60.4 26 18 71 8 232 14 255 25 98 35 1.38 
1103 8 13.5 24.6 1.4 39.5 36 23 91 5 28 ll 43 22 87 35 1.38 
1104 8 8.8 31.3 1.0 41.1 3 21 83 4 216 ll 243 21 283 34 1.34 
1105 8 17.1 31.3 r 50.4 34 19 75 7 228 13 -51 24 095 36 1.42 
1106 9 9.7 23.2 3.3 3662 41 19 75 8 232 14 55 25 98 38 1.50 
1107 9 8.8 25.4 1.6 35.8 41 29 228 13 23 291 3 1.42 
ws Stavchen u. 
Sekundarspannung 
Fig. 19--Temperature Oscillogram No. 1106 
Sekundarspannung = secdndary voltage, Vorwarmen = preheating, Abbrennen = flashing, Stauchen and 


Nachwarmen = upsetting and post heating 
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Fig. 20—Temperature-Time Curves in Welding 30-Mm. (1.18- 
In.) Round Steel Bars at Taps 4, 6, 8 and 9 on the WS6 ~ 


be coordinated individually according to their distance 
from the plane of the weld. Finally it was also necessary 
to coordinate the data by striking mean values for the 
-same welding conditions. The curves shown in Fig. 20 
were obtained in this manner. These curves show the 
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time-temperature variations during the welding of ») 
mm. (1.18-in.) round steel bars at Taps 4, 6, 8 and 9 » 
the WS6, at 5-mm. (0.20-in.) increments from the wel; 
line. 

For all of the transformer taps, the temperature rise. 
very rapidly at the start of welding. The rate of increay 
per second increases with the tap setting and as the dis 
tance from the flashing surface decreases. Shortly afte; 
the start of flashing, there is a lag in the temperature rig 
at all positions as a result of the lower energy input and 
increasing heat losses. Toward the end of flashing th, 
temperatures near the weld begin to rise more rapidly 
again.* These cross sections begin to come direct], 
within the heating influence of the flashing surfaces 
through the loss of material at the contact face. Durin,y 
upsetting and postheating large quantities of heat ener) 
are again supplied, causing the temperatures to continu 
to rise. The peak value is reached at the weld at th 
instant the welding transformer is cut off. In the eros: 
sections farther removed, the temperatures continue 1) 
rise because of the heat dissipation from the weld. Thy 
farther these cross sections are from the weld, the lowe; 
the peak values and the longer the time to reach this pea} 
value, and the longer the duration of the maximum ten 
perature. After cutting off the transformer, the temper 
atures near the weld drop almost as rapidly as they had 
previously risen. Only with increasing equalization doe: 
the cooling rate decrease. 

These relationships can also be seen in Fig. 21. Th 
individual graphs represent the temperature conditions 
of the work during welding and the subsequent cooling 
at time intervals of 20 sec. The postheating effect a1 
positions away from the weld is especially evident. 

Since the maximum temperature and the duration | 
heating produce variations in the structure and prope 
ties of the joints, Fig. 22 has been developed from tl: 
temperature measurements so that the times of heatin, 
the 30-mm. (1.18-1n.) bars to specific temperatures be 
tween 500 and 1200° C. (930 and 2190° F.) can be read 
off for different welding conditions and for each distance 
from the weld. Intermediate points can be estimated by) 
interpolation. The other conditions remaining the 
same, the insert shows only the transformation temper 
atures 720 and 900° C. (1330 and 1650° F.) so that it is 
somewhat easier to read. The curves, strictly speaking 
apply only to mild steels. Yet, subsequent tests 
chromium-nickel steel did not show any appreciable dil 
ferences. 

In order to determine the possibilities of welding with 
a greater energy input, it is necessary to consider mort 
carefully the heating conditions at the flashing surfaces 
and the heat-affected zones during preheating. Durin 
preheating, short circuit and open-circuit periods alter 
nate. The short circuit heats the entire length betwee 
the dies and particularly at the contact surfaces. At thy 
start, the work in the dies remains at about the initia! 
temperature. Later in this period, in addition to th 
local heating, the heat is conducted back from the contac! 
surfaces so that in spite of water cooling (of the dies 
there is a gradual rise in temperature. During the ope! 
circuit period, the temperature decreases at the abutti: 
surfaces because there is no further heat input and thr 
heat loss continues. The temperature equalization 
the contacting surfaces is further favored by these sur 
faces of the work, which in the open-circuit period giv: 
supplementary cooling effect. As a result of the alters 
tions of open and closed circuits, a temperature coi 
tion is reached at the end of preheating, which for weldits 
30-mm. (1.18-in.) round steel bars with Tap 9 on th 


* This last statement does not seem to be consistent with the curve 
Fig. 20—Translator. It reads: Gegen Ende des Abbrennens ziehen die 
Temperaturen in Nahtnihe weider an. The effect is small at the most 
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WS6 corresponds to the Curve 64-b1 of Fig. 23 and ap 
proximately so to its dot-dash continuation. The loca- 
tions of the four thermocouples shift as a result of the 
heat expansion of the material and the material loss due 
to flashing. In this way a uniform, high-temperature 
level at the ends is provided for the flashing operation. 
(he position and magnitude of the greatest temperature 
lrop have an effect on the subsequent flashing, since, by 
repetition from flashing losses, they can lead to a sudden 
lrop in temperature on the contacting surfaces and thus 
‘ause an interruption of flashing. Conversely, it is to 
be concluded that the purpose of preheating is fulfilled 
mly if the minimum temperatures for flashing have been 
issured by sufficient preheating. 

During flashing almost all the energy input is con- 
verted into heat at the abutting surfaces, while the cross 
sections farther away are almost unaffected except by the 
heat dissipation from the flashing surfaces. The tem- 
perature drop along the axis of the work depends pri- 
marily on the preheat condition (the heat flow from the 
contacting surfaces), on the thermal conductivity of the 
material, the time and finally, the flashing speed. These 
lactors are somewhat dependent on each other. During 
the local temperature drop there are no material differ- 
ences between the center and surface of the work, but 
it the flashing surfaces a metallographic examination 
shows that a marked temperature contrast must have 
been established, corresponding to the individual flash- 
ig Occurrences. An investigation of a fracture of a fa- 
gue test bar which broke in the weld was also instruc- 
live in this connection. This is shown in Fig. 24. A 
drop of molten metal was somehow displaced from the 
current bridge into a deep crater on the flashing surface 
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This drop, distinctly different from the surrounding 
metal as shown by the crystal structure and the large 
amount of slag, was separated by an oxidized layer. 
The even distribution of the slag inclusions shows that 
the material must have been in violent motion. How- 
ever, the material adjoining the crater was not overheated 
above the permissible limit. 

It has been previously mentioned that increasing the 
flashing energy above a certain amount produces pits at 
the bottom of the crater. In connection with the heat- 
ing of the work, caution is recommended. With a very 
high energy input, the generation of heat is considerably 
accelerated through the simultaneous appearance of a 
number of current bridges. In spite of the high flashing 
loss, it is possible that the heat dissipation from the 
flashing surfaces will not be sufficient in the allotted 
time. In this case there is a disturbance of the proper 
heat flow which under certain circumstances results in 
a joint which would include the overheated metal in 
sections which remain as part of the joint after welding. 
Such a heat flow is clearly shown in Fig. 25. This figure 
shows the maximum temperatures at various distances 
from the abutting surfaces during the welding of 30-mm. 
(1.18-in.) round steel bars for the selected transformer 
taps of the WS6. The short-circuit load is determined 
by the cross section of the work and the short-circuit 
current of the corresponding tap setting according to 
Fig. 3. A cross section at a distance of 5 mm. (0.20 inch) 
from the weld, using Tap 4, will reach a temperature of 
more than 1400° C. (2550° F.). By using Tap 8, this 
temperature will drop to 1100° C. (2010° F.). If the 
current density in the cross section being welded 1n- 
creases, for example, from 32 to 35 amp./sq. mm. (200 to 
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Fig. 23—-Temperature Conditions at the Beginning and End of Preheating, Flashing and Upsetting During 
the Welding of 30-Mm. (1.18-In.) Round Bars at Tap 9 of WS6 
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Fig. 24 Investigation of Weld-Line Defects 


2») amp./sq. in.) at Tap 9, the temperature in the imme- 
diate vicinity begins to rise. Even at a distance of 10 
mm. (0.39 in.), this can be detected. 

In the present case the temperature condition is more 
avorable when welding at Tap 8. At the cross section 5 
mnt. (0.20 in.) away from the weld, the minimum temper 
iture will be found. While a higher current load would 
be of some advantage for the cross section further aavay 
rom the joint, these advantages are only slight; but 
in the vicinity of the weld these conditions are much less 
favorable. The same conclusions are showm in Fig. 26. 
fhe conclusion drawn from these curves is that when 
changing from Tap 8 to Tap 9, there is a reversal of the 
temperature-distance relationship at about 12 mm. (0.47 

from the weld. 

In connection with heating the work during flashing, 
ittention must also be directed to the formation of oxida 
tion products and gases which increase with the energy 
input; the upper limit to which this can be pushed de- 
pends upon the possibility of eliminating all inclusions 
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Fig. 25—Relation Between the Maximum Temperatures in 30- 
Mm. (1.18-In.) Round Steel Bars at Various Distances from the 
Weld Line and the Energy Input 
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of this kind during upset. 


The position of the reversing 
point for the heating effect is judged on the same basis.* 


On the question of energy input and the resulting 
heating effects during preheating and flashing, the follow- 
ing concluding statements may be made 

With low currents, the period of preheating must be 
extended. Even then flashing may be so sluggish that 
preheating may have to be repeated several times until 
the temperature needed for flashing is established. 
Welding takes a long time, high temperatures are reached, 
the heat-affected zones are wide and the heat losses large. 

With a medium energy input less extended preheating 
is required. Since the temperatures do not need to be as 
high, shorter periods of preheating are sufficient. The 
heat generation, the heat losses and flashing losses are so 
related that flashing can proceed without interruption. 
The heat-affected zone thus becomes narrower and the 
temperatures materially lower at the same positions, than 
under the conditions mentioned above 

At a higher energy input the heat-affected zone does 
not narrow up to the same extent as it does by changing 
from low to medium energy inputs. Due to thermal con 
gestion or damming up the flow of heat, the temperature 
conditions near the weld may even reverse. This con- 
dition takes on practical significance when the reversal 
pomit is located in cross sections which come within the 
weld after upsetting. When a sufficiently high energy 
input is used, flashing may be started without preheat 
ing. Against. the low energy consumption, the short 
welding times, narrow heated zones, stand the less favor- 
able conditions at the two ends. Of particularly serious 
consequence are: the temperature contrast (Temperatur 
gensatz) on the flashing surfaces, the formation of deep, 
porous, flashing craters, and the increased formation of 
gas and oxidation products 


Influence of Welding on Structure and Heat-A flected Zones 


Heat treatment is intended to put a material in its best 
condition for future application. On this basis the tem 
peratures and heating times are determined. Contrary 
to the above, heating for welding 1s governed by the tem- 
perature required for the actual welding of the material. 
The zones adjacent to the weld joints are heated so dras- 
tically that a change in structure is produced which, in 
many cases, is undesirable. The effect of the local tem- 
peratures and the duration of heating follow the same 
rules as those applied to standard heat-treating proced 
ures. 

Steels E and F were used for structure investigations 


* The implications of this statement are not further considered It seems 
to refer to the zone back of the flashing surfaces All of this zone which is up 
set into the weld region must be adequately heated, a condition which may 
not obtain with high energy inputs. The author evidently uses the ‘reversal 
point’’ as a guide to the choice of the proper tap setting to secure adequate 
heating in depth.—-7rans 
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1400 2552 followed by an air cool probably ha 
\ little influence on it. Heating for , 
5 long period just below Ac; woy\ 
\ result in the formation of spheroid 
1200 2192 ized pearlite. Short heating period 
\ \ at the same temperature do no; 
lx show this effect. 
\ As soon as the temperature crosses 
1000 1832 the pearlite line, of the iroy 
e a S carbon diagram, the pearlite begin: 
900 1652 =) to dissolve forming the solid 
N solution of about 0.89% carbor 
800 1472 initially. As the temperature in 
| TAP 4 creases, the gamma solid solution 
720 t 1328 dissolves as much ferrite, which Was 
| previously unchanged, as it can dis 
This equilibrium is shown by th 
be 8 line GOs on the iron carbon dia 
5 gram. At about 900° C. (1650°F 
= 400 a Res 752 tH all the ferrite has dissolved so tha: 
there is present only thé homog 
. neous gamma solid solution whic! 
has the composition of the starting 
material. The solid solution 
200 $92 stable up to the welding tempera 
ture. During cooling, the tran: 
formations take place in the revers 
order. 
- The graim size of the material 
0 10 | 20 30 40 depends upon the temperature, tim 
at temperature and rate of coolin, 
With increasing time, the formatio 


DISTANCE FROM WELD LINE = mn. 


Fig. 26—Maximum Temperatures Obtained in Welding 30-Mm. (1.18-In.) Round 
Steel Bars up to a Distance of 40 Mm. (1.57 In.) from the Weld Line 


WS7 WS6E WS6 WS6 
Tap 9 Tap 8 Tap 5 Tap 8 
——Air Cooled—— -- 


Fig. 27—Longitudinal Sections of Joints in Table 4, Etched with Oberhoffer’s 


Phosphorus Reagent 


as shown in Table 3. The initial structure is shown in 
Figs. 28 (c) and (f), 29 (f) and (k) and 30 (d) and (k). 
This structure consists largely of ferrite with a small 
quantity of pearlite, due to the low-carbon content of 
the steel. The grain size corresponds to that of steel 
rolled above Ar; and cooled in air. z 

If the heating temperature stays below 700° C. (1290° 
F.), only stresses caused by unfavorable cooling or roll- 
ing conditions will be relieved, in whole or in part. In 
this temperature range, recrystallization of a structure 
deformed by cold work may also take place. Since such 
structures and stresses are seldom found in the material 
under consideration, heating to about 700° C. (1290° F.) 
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of coarse grains is increasing] 
favored as the temperature in 
creases above the GOS line. Bi 
cause of the rapid heat dissipatior 
from, the weld back into the work 
normal cooling in air may produce 
quenching effect. The chance 
this happening will increase as th 
volume of metal which has _ bee 
heated decreases. From the tem 
erature curves it may be seen that 
the temperature drop can amount 
to about 50° C. (90° F.) per second 
even 5 mm. (0.20 in.) from the wel 
joint upon air cooling. The wel 
always shows a structure similar t 
that of a casting whose large gra! 
size is due to the temperature t 
which it was exposed. The rapidly 
working upset, by means of its hot 
deformation, helps prevent setting 
up too large a grain size. 

In the parts of the work heated t 
slightly above 900° C. (1650° F 
and subsequently quickly cooled, « 
uniform fine grain structure with 
uniformly distributed lamellar pearlite is to be ex 
pected. In the zone of incomplete transformation 
between 700 and 900° G. (1330 and 1650° F.), there is a 
transition state in which only the ferrite that has gon 
into solution will be refined, while the rest will retain its 
original grain size. 

By increasing the rate of cooling, as by water quenc!! 
ing, the precipitation of ferrite as well as the transform 
tion of the solid solution will be more or less retarded 
Depending upon the quenching action the resulting 
structure will contain the ferrite, and lamellar pearlite, 
sorbite and troosite (coarse and fine lamellar pearlite, 
in the new terminology—Trans.). Segregation of ferrite 
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and other structure components will be hindered by the 
quenching action. The ferrite, therefore, will be evenly 
dispersed around the pearlite or sorbite. At the lower 
temperature zones in the material, the quenching action 
is less drastic, but, the grain- refining effect persists. 

[he application of these relationships of physical met- 


the same area. Selected photographs are shown in I 


weld line. 


Specimen 12, having a welding time of 40 sec., re 


ture changes that take place at the surface of the bar over 
‘igs. 
28-30, along with the location of each with respect to the 


pre 


allurgy to flash-welding conditions will be shown by pho- Table 4—Welding and Cooling Conditions for the Five 
tomicrographs of the structures of the five specimen Joints Made from 30-Mm. (1.18-In.) Round Bar 
listed in Table 4. Figure 27 shows longitudinal sections 
of the five joints after etching with Oberhoffer’s phos- Specimen Welding Tap Welding Cooling 
phorus reagent. The adjacent sections were poished and Number Material Machine Setting Time, Sec. Medium 
etched with a 1% Nital solution. Two series of photo- 12 E/I WSs6 8 40 Air 
micrographs were made axially along the bar showing (1) 22 E/! WS6 8 38 Water 
the structure changes that take place along the center of 33 E/T Ws > a? As 
the bar from the weld line through the heat-affected zone 
and ending in the unaffected material, and (2) the struc- = - teat — = 
Table 3—Chemical and Mechanical Properties of the Steels Used 
Rolled Bars 5 
Desig- Nominal Tensile Red. 
na- Diameter Chemical Composition in Per Cent Yield Point Strength Elonga- in 
tion mm In. Si tin P Kg./mm* p.s.i. ps.i. tion Area Remarks 
A 30 1.18 0.09- Traces O.5l= 0.027= 0,.046- 25.6 36,400 37.5 53,400 31.2 64.0 Steel 
0.10 0.55 0.029 0,047 
of 
30 1.18 0.083- " 0.56= 0.027= 0,048-— 25.2 35,800 37.8 53,800 29.2 63.0 
0.085 0.58 0.029 0.050 eom- 
C 3O 1.18 0.15 0.022 0.58 0.036 0,042 27.1 38,600 41.6 59,500 25.0 61.0 mercial 
D 30 1.18 0.055 0.020 0.45 0.046 0.068 30.4 43,200 38.5 54,800 26,3 69.0 
E 30 1.18 0.09 Traces 0.48 0.011 0.051 24.6 35,000 37.3 53,000 30.6 68.0 quality 
F 30 1.18 0.09 0.00 0.46 0.012 0.048 24.0 34,200 36.4 51,700 30.0 69.0 
G 26 1.02 0.13 0.00 0.43 0.145 0.085 27.4 39,000 40.6 7,800 26.7 58.0 Machine screw-stod 
H 15 0.59 32.3 46,000 46.5 66,200 26.1 64.0 St C10.61 
M 30 1.18 0.12 0.50 0.026 0,054 27.7 39,400 43.5 61, 9000)29.6 55.0 0.H. steel (2) 


(1) Average value of three tension tests. 
was 36.7 kg./mm.* (52,100 p.s.i.). 


The values of individual bars are scattered. The lowest value 


(2 Notch toughness in center of bar was 10.8 mkg. cm.”: at edge of bar,11.2 mig ./cm.* (10 x 10 x 55). 
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Fig. 28-—-Photomicrographs Along the Axis and Surface of a Flash-Welded Specimen at Various Distances 


from the Weld Line. (100 x) 
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Fig. 29-—Photomicrographs of Joint A9 (10 Sec., Air Cooled) 


sents standard conditions for flash welding a steel bar 30 
mim. (1.18 in.) in diameter. Figure 28 (a) shows the 
weld-line structure at the center of the bar. The exact 
location of the weld line could not be detected. The 
grain size is fairly large, corresponding to the high tem 
peratures encountered. The formation and distribution 
of the ferrite and pearlite indicate a rapid cooling. 

Between 1.5 to 2.5 mm. (0.06 to 0.10 in.) from the weld 
line, the structure approaches that of the rolled material 
and at the same time becomes finer grained. The finest 
structure is found at a distance of about 6 mm. (0.24 in.) 
from the weld line as shown in Fig. 28 (6b). The uniform 
fine-grained structure indicates that this zone was heated 
to a temperature above 900° C. (1650° F.), and was in a 
state of complete solution. The first indication of the 
rolled structure of the unaffected material may be de- 
nnege on ahead of this fine-grained zone, as shown in 
Fig. ) and (f). 

Jon ae fine- grained zone there is a transformation 
zone whose structure is characterized by*the ferrite that 
has not recrystallized. From the changing grain size of 
the ferrite it is possible to determine how far above the 
lower critical the temperature has been at any distance 
from the weld line. Figure 29 shows a comparison of the 
transformation structures of the two series. The effec- 
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tive temperatures must have been between 900 and 724 
C. (1650 and 1330° F.). In the lower part of this tem 
perature range, transformation was detected only jin the 
pearlite. The unaffected structure of Specimen |2 was 
reached at a distance of 16 to 17 mm. (0.63 to 0.47 in. 
from the weld line. 

Similar characteristics are found ie the surface of 
the specimen. Larger grains are found at the wel r than 
at the center of the bar, which ts also shown in the remain. 
This may be caused by the small amount of 
upset at the surface of the specimen. However, the core 
structure of the bar in the unwelded condition is also 
finer, which may be due to the carbon content and to an 
unequal distribution of crystallization nuclei or inclu. 
sions, and to core segregation. 

In Specimen 33 the same structures were found with 
the exception that the weld and the transformation zon 
are wider, corresponding to the temperature conditions. 
For this reason photomicrographs were not made. 

The joint A9 is exceptional because of its very short 
welding time. The energy input was so large that it was 
possible to initiate flashing without preheating. Conse- 
quently, almost all of the heating came from the flashing 
surfaces to give the maximum temperature gradient from 
the weld back into the work. Because of the small vol 
ume of material heated, the cooling period was very short 
Figure 29 shows the influence of these conditions on the 
grain structure. The structural zones are very close to 
gether, while the unaffected structure comes at a distance 
of only 10 mm. (0.39 in.) from the weld line. In the en 
tire heat-affected zone and particularly in the weld proper 
the grain size is materially smaller than in the two other 
welds. The narrowing of heat-affected zones and the 
fine-grain structure result from sharp transitions. The 
actual weld line could not be detected. 

Joints 22 and 41 were water quenched to show clearly 
the effect of quick cooling. The time between the com 
pletion of the weld and quenching was about 6 sec., 
which should be taken into consideration on estimating 
the quenching temperatures. Since the structures of the 
two specimens differ only in the location of the transfor 
mation zone, photomicrographs of Specimen 41 alon 
are shown, Fig. 30. The weld structure appears light in 
some places with parallel markings, frequently in layers 
In these areas ferrite predominates. As a result of quick 
cooling very little segregation of ferrite and cementit: 
has occurred so that the latter crystallized as a fine lam 
ellar structure. The second part of the structure con 
sisted of a darker appearing ground mass with fine light 
colored needles, which has the appearance of Widman 
statten’s structure. At higher magnifications most of th 
needle structure was identified as ferrite, although some 
martensite was found. This d’stinction showed up as 
different shades obtained by etching, as shown in Fig 
The ferrite needles appear white whereas the martensit« 
needles are a yellowish white. The martensite probabl\ 
formed in the areas where the solid solution was richer 
in carbon because 0” incomplete diffusion of the cement 
ite of the pearlite regions. The formation of martensite 
does not take place in the boundary structure of the w ld 
because of the lower carbon content, although it would 
be expected to occur here because of the quick cooling 

The coarse grain of the solid solution may be recog 
nized by a bright network of ferrite which precipittes 
preferentially at the grain boundaries of the gamma slid 
solution during the cooling. However, through the 
quenching action the mobility of the ferrite molecules 1s 
retarded so that only a very small amount of the pre 
cipitated ferrite forms at the grain boundaries. Cv rise 
quently, after recrystallization the grain size oi the 
gamma solid solution is indicated by an almost pure /ert- 
rite network, while in the intermediate areas the ferrite 


AUGUST 


and ce 
structt 

Alth 
men hi 
air-COOo 
and tr: 
ing dis 
ence 
dispar 
format 
lowed 

The 


pends 


] 
A 


1945 


a 
be 


Micrographs Alon 


tance fron 


Fig. 30-- Microstructure of Joint 41 (87 Sec. Water Quenched) (100 x) 


and cementite crystallize into a fine radially laminated 
structure. 

Although the weld zone of the water-quenched spect- 
men has a basically different structure than that of the 
air-cooled specimen, there is the same fine-grained zone 
and transition into the unaffected material with increas- 
ing distance away from the weld line. The only differ- 
ence consists of a finer-grained structure and a greater 
disparity of grain size in the zone of incomplete trans- 
formation. In this way the transition stages can be fol- 
lowed in detail. 

The extent and location of the individual zones de- 
pends upon the quenching temperature and, hence, on 


Fig. 31--Weld-Line Structure of Joint 41 


the welding time or energy conditions. Therefore, vari 
ations in the welding schedule influence the structure 
the same as in air-cooled joints. 

In order to obtain a graphic comparison of the data 
from a metallographic investigation, the number of fer- 
rite grains per square millimeter was counted and plotted 
against the corresponding distance from the weld line, 
Fig. 32. The data on the grain count assume that there 
is little variation in size of the individual ferrite grains. 
Since this assumption is not valid in all zones, especially 
in the zone of incomplete transformation, the graphs are 
only suitable for comparison especially to give the loca- 
tion of the heat-affected zones. The graphs of the three 

air-cooled specimens also include 
the course of the maximum temp 
eratures, while those of the last 
two specimens give the quenching 
temperatures instead. 

These graphs confirm the differ- 
ence in grain size between the 
surface and the center of the 
material. The fine grain zone be 
gins at about 3, 5 and Simm. (0.12, 
0.20 and 0.31 in.) from the weld 
line, depending upon the weld 
ing time. The transition to the 
unaffected structure of the air 
cooled specimens is at about 10, 
16 and 22 mm. (0.39, 0.63 and 
0.87 in.) from the weld line; in 
the water-quenched specimens at 
12 and 20 mm. (0.47 and 0.79in.), 
or somewhat closer to the weld 
line. As the plotted temperature 
curves show, the microstructures 
agree to some extent with the 
temperature measurements made 
on the other joints. Grain refin 
ing begins in the boundary re- 
gions at the 720° C. (1330° F 
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Fig. 33—Location of the Recrystallization Zones with Respect to 
the Welding Time 
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limit, but is usually not completed at 906° C. (1650° F.) 
while the overheated zone occurs from about 1100° C. 
(2010° F.) up. The graph of Specimen A9 shows how 
exceptionally sharp the transitions between the individ- 
ual zones may be when welding takes place in 10 sec. 

Figure 33 shows the location of the fine grain zones in 
the various welds. From these graphs it may be seen 
that the weld zone and the transformation zone become 
wider with an increase in welding time. Quenching in 
water affects only the extent of the fine grain zone in the 
direction of the free ends, but not in the direction of the 
weld zone. Hence, recrystallization is not complete on 
the sides toward the dies at the end of the welding cycle, 
but 1s continued by the heat which flows back from the 
weld zone into the work. 


(To be Continued in the next issue) 
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Metallurgical Factors of Underbead 
Cracking 


By S. L. Hoyt,’ C. E. Sims! and H. M. Banta 


VER the past few years, metallic arc welding has 

been extended to steels of the hardenable type. 

As compared with other methods of fabrication, 
roduction has been facilitated, service performance fre- 
uently has been improved, and the over-all results have 
een so favorable that engineers and production men 
ive placed great emphasis on this application of welding. 
fhe metallurgist and welding engineer, however, have 
een confronted with new problems, since, for one reason, 
the harder steels are more apt to crack and special pre- 
iutions must be taken if sound joints are to be pro- 
ured. Some of the factors that are pertinent to this 
pre ob lem are metallurgical, and it is an object of this con- 
tribution to discuss steel manufacture and processing 
ote and to show how their control assists in reduc- 

g the hazard of cracking. 

By this time, the problem of cracking—specifically 
nderbead cracking, or “‘hard cracks,’ or parent-metal 
racks—is well known, and a large amount of work has 
been published, both here and abroad, dealing with this 

ibject.!. The tests described are made under restraint 

facilitate cracking and are so designed that a semi- 
uantitative, or at least a relative, value of the cracking 
tendency is obtained. As one would expect, it has been 
reported that the incidence of cracking increases with 
the carbon and alloy content of the steel. More specifi- 
lly, the cracking tendency is said to increase with the 
hardenability of the steel, though it is now recognized 
that the situation is not so simple. The phenomenon 
tself, on the other hand, has been but loosely described, 
id it is in only broad generalizations that this cracking 
has been related to steel metallurgy. Thus, while it has 
seen abundantly demonstrated that the hardenable air- 
crait steel, S.A.E. 4130, must tend to crack when arc 
welded, the problem still remains of why two lots of 
the same composition and the same hardenability can 
‘ary so greatly in cracking tendency, or what it is about 
le prior metallurgical history that so strongly affects 
tie results. Further, while the efficacy of preheating 
ind postheating in preventing cracking is recognized and 
itilized in production, the mechanism by which they 
‘unction seems not to have been described. 

These points are thought to be significant in the pro- 
duction of steel for fabrication by metallic are welding 
nd, hence, of interest to mill and process metallurgists 
nd welding engineers. Consequently, it is another ob- 
«ct of this paper to discuss the mechanism of parent- 
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* Reprinted from Metals Technology, June 1945. 
Battelle Memorial Institute, Columbus, Ohio. 


metal cracking, including the influence of the condition 
of the steel and the control of cracking by manipulation 
of the time-temperature conditions during and after 
welding 

A new method of rating the cracking tendency is also 
discussed, and the results of the test are related to steel 
composition and structure or prior history. 

The work to be described was the outgrowth of work 
in 1940-41 at Battelle Memorial Institute on two proj 
ects, one of which involved the making and testing of 
simulated aircraft joints,’ and the other a study of the 
utility characteristics of various welding electrodes in 
aircraft welding.” Both investigations involved welding 
the aircraft steel S.A.E. 4130, and it was soon discovered 
that while steel procured for one project welded satis- 
factorily, that secured for the other developed annoying 
cracks. A preliminary check on composition and other 
characteristics gave no clue as to why this should be. 
The same was true of a check of the literature and dis- 
cussions with various metallurgists and welding en- 
gineers. It did develop, however, that the same thing 
had been observed by others, who were likewise unable 
to explain it, and mill metallurgists ran into the same 
peculiar behavior in their contacts in the field. It also 
developed that aircraft companies adopted the practice 
of preheating to avoid cracks developing in arc-welded 
structures, though it is probable that much of the steel 
could be welded without preheat. 

Ultimately, it became obvious that there were some 
unknown factors, aside from chemical composition, that 
have an important bearing on parent-metal cracking in 
production welding. The logical answer to such a situa- 
tion was a research aimed at uncovering the pertinent 
points and setting up a prescription for the production 
of steel that would give as great freedom from cracking 
as the analysis would permit. 

A “restricted’’ research project, NRC-514, was set 
up in 1942 by the Office of Production Research and 
Development of the War Production Board under the 
supervision of the War Metallurgy Committee of the 
National Academy of Sciences—National Research 
Council. This project was to investigate the factors 
affecting the cracking tendency of hardenable steels, 
aside from composition, in an attempt to improve the 
welding quality. This work forms the basis of the pres- 
ent paper, which has been released for publication by the 
Office of Production Research and Development. 

To supervise the project, the War Metallurgy Com- 
mittee appointed the following Project Committee: 
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Fig. 1—Hinged Copper Welding Jig for Making Crack- 
Sensitivity Test 


A. J. Williamson, Chairman, Summerill Tubing Co. 

R. S. Archer, Republic Steel Corp. 

J. J. Chyle, A. O. Smith Corp. 

G. Soler, Steel and Tube Div., Timken Roller Bearing 
Co. 

C. L. Hibert, Consolidated-Vukee Aircraft Corp. 

M. Nelles, Office of Production Research and Develop- 
ment, W.P.B. 

N. W. Fay, Iron and Steel Division, W.P.B. 


This Project Committee maintained close contact with 
the work in progress, and we are deeply indebted to 
their constructive criticism and advice. Though small, 
the Committee was wisely selected to cover steel manu- 
facture, steel processing and production welding. 

To describe the scope of the investigation, it was the 
variable behavior of presumably similar steels when 
welded in the same way under standard shop conditions 
that drew attention to the problem. For example, while 
cracking can be eliminated by using a different weld rod 
or by changing the welding practice, the problem was to 
find out what factors other than composition caused the 
variable behavior when steels were welded under stand- 
ard conditions. This eliminates or holds constant~cer- 
tain factors or variables that now are recognized as 
affecting the incidence of cracks. Thus, while cracking 
is found, under some circumstances, in a steel with only 
0.15% C and 1.2% Mn, of relatively low hardenability, 
even such a steel as S.A.E. 4340 is welded (under other 
conditions) without cracking. This comes about by the 
play of a number of factors, only a few of which are con- 
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sidered here. In particular, we are not dealing with tp, 
electrode, its size and type, the speed of welding or ry;, 
of heat input, the joint design, the technique used, pla; 
thickness or temperature as factors that affect crack; 

Instead, we are concerned with steel in the lighter gag, 
and methods of making and processing it to maintaj; 

high level of welding quality. The welding conditio, 
are held constant and are drastic enough at least to pr 
duce cracking in steels of lower ‘“‘weldability.”’ 
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Crack-sensitivity Test 


In order to establish the effect of the various met 
lurgical factors upon weld-crack sensitivity, it was fir 
necessary to develop a usable crack-sensitivity test. 

The test finally devised is based upon the actual « 
tent of cracking developed in welded specimens that ar 
made under severe but closely controlled conditior 


This procedure makes it possible to evaluate the crac! 


sensitivity to a much finer degree than is possibl 
tests based on hardness and, in fact, corrects certa 
false generalizations based on hardness. The test 
made by manually depositing a circular weld bead 
approximately 1'/, in. outside diameter on a 2 x 2 x 
steel specimen held in an appropriate jig as shown | 
Fig. 1. Both jig and specimen are preheated to 100° | 
The bead is manually deposited in approximately 20 se 
allowing +0.5 sec. deviation. A °/¢4-in. Wilson No. 52 


electrode (type A.W.S., class E6013) is used with nega 
tive polarity at 50 to 55 amp. and 24 to 26 are volts 
The specimen is quenched in ice water immediately alte! 
welding and held at 60° F. for 24 hr., to permit cracking 
for | hr. t 
The weld bead is then r 


to develop. It is then drawn at 1050° F. 
prepare it for the next step. 


Fig. 2—Typical Circular Bead-Crack Sensitivity, Weld Test 
Specimen 


a, Circular bead weld test. 
b. Bead side surface ground and Magnafluxed. 
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TABLE 1.—Check 


Analysis 


of Commercial S.A.E. 4130 Steels 
PER CENT 


Steel No.2 


557 
581 


0.020 
0.019 


0.54 
0.47 
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DISTANCE FROM QUENCHED END IN INCHES 


Fig. 3—End-Quench Hardenability Curves for Steels 557 and 
581 


ype harde pecimen of standard Jominy dimen- 
ed, the !/; t making up the middle 
hing, the middle section was removed and hard 
elerminations made ng the longitudinal center line 


heated | hr. at 1580° F. 


moved by grinding flush. After grinding, the specimens 
ire Magnafluxed, and the total length of the cracks on 
the bead side 1s measured in degrees and related to the 
maximum crack length possible, or 720 The test is 
illustrated in Fig. 2. The test is also adaptable to */ j-in. 
and '/,-in. plate. 

Extensive use of this test has revealed that at least six 
specimens are required for each steel tested. A control 
steel of known cracking tendency is also run with each 
group being tested, making it possible to assign to the 
unknown steel an index of crack sensitivity in terms of 


TaBLeE 2.—Tensile Properties of the Com- 
mercial S.A.E. 4130 Steels 


Yield Tensile | Per Cent 
Steel No. Strength,*Strength,| Elonga- 
Lb. per | Lb. per tion, 
Sq. In. Sq. In. 2 In. 
— 
557 (insensitive) err .| 65,800 | 94,100 21.0 
557 (insensitive)..... .| 64,800 93,760 22.0 
551 (sensitive)........ 79,300 | 99,450 18.5 
581 (sensitive)........ 79,700 | 101,060 18.0 


"Yield strength determined stress-strain 
curve using load at 0.2 per cent offset. 


1945 


* Steel 557 is insensitive and steel 581 sensitive. 
+’ Aluminum values are the acid-soluble contents. 
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the control. This approach was found necessary be 
cause conditions could not be sufficiently duplicated 
from time to time to give a constant degree of cracking 
in a given steel. This seems now to be important in this 
field of testing, but since the difference in the degree of 
cracking between two steels was found to remain con- 
stant, even though the general level was shifted, the use 
of a control steel provided a means of overcoming the 
inherent variables associated with welding. The control 
used in this work was arbitrarily assigned an index value 
of 100, larger values indicating a less sensitive steel and 
lower values a greater degree of crack sensitivity. Steels 
having an index of 100 or above are classified as insensi 
tive, while those in the range of 90 to 100 are regarded as 
borderline cases and those below 90 as crack sensitive. 
A mathematical appraisal, based on an extensive number 
of tests, revealed the accuracy of the index as practically 
always within the limits of +3 and usually 2. 


Comparison of Sensitive and Insensitive Commercial 


S.A.E. 4130 Steel 


Fortunately, there were available two lots of S.A.E, 
$130 steel that were practically identical in chemical 
analysis but differed widely in weld-crack sensitivity, 
steel 5S1 being extremely crack sensitive as compared 
with steel 557. These steels were in the form of '/s-in. 
plates processed to meet the ‘““N condition’ as required 
by the Army-Navy Specification AN-QQ-S-6S5. 

In order to determine what metallurgical factors might 
account for this difference in crack sensitivity, the chemi- 
cal analysis, tensile properties, hardenability and grain- 
growth characteristics were investigated. 

The check analyses of the two steels are practically 
identical (Table 1) except for the higher aluminum con- 
tent found in steel 557. Although hardenability char- 


acteristics usually are assumed to be associated with 


| 
| 


TEMPERATURE DEG. F 


TIME IN MINUTES 


Fig. 4—Typical Time-Temperature Heating and Cooling Cycle 
for Rapid Dilatometer Test 
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TABLE 3.—Results of Crack-sensitivity Test 
on Steels 557 and 5812 


Average 
| Speci | Lengt 
Steel No. | of on sensi- 
Cracks, | Cracks, Indes 
| Deg Per ee 
Cent 
557 I 
557 2 120 18.9 100 
557 3 70 
557 4 270 
337 | 
581 I 470 
581 2 |. 360 
54.6 83 
5 380 
581 5 495 
581 6 2905 


¢ In this work, Steel 557 was used as the control and 
was assigned the index value of roo. 


cracking tendencies, end-quench tests revealed little 
difference between these steels (Fig. 3). The tensile 
properties of steel 581 are the higher (Table 2), especially 
the yield strength. A study of the grain-coarsening 
characteristics showed that steel 581 was more sus- 
ceptible than 557 to grain growth at elevated tempera- 
tures. This would be expected from the difference in 
aluminum contents of these steels. 

The results of crack-sensilivity tests are shown in 
Table 3. These data show that steel 581 cracked 54.66; 
as compared with 18.9°% for steel 557, the relative ratings 
being 83 and 100, respectively. These results are in 
good agreement with previous observations in welding 
these two steels. However, the reason for this marked 
difference in crack sensitivity is not obvious, in view of 
the similarity in chemical analysis and hardenability; 
and there is no reason to believe that the differences in 
physical properties or aluminum contents should directly 
affect the sensitivity to any appreciable extent. 


Temperature-dilation Characteristics Using Rapid 
Thermal Cycle 


Since metallic arc welding develops extremely rapid 
heating rates in the metal adjacent to the bead imme- 
diately followed by accelerated cooling, it appeared de- 
sirable to investigate the relative response of the sensi- 


tive and insensitive steel to rapid thermal cycles. [pj 
phase of the work was carried out by means of temper, 
ture-dilation studies using a rapid heating and cooling 
cycle. A typical time-temperature cycle is shown jy 
Fig. 4. Slow heating and cooling rates were also use 
for comparison purposes. 

The transformation temperatures observed when usin; 
the two heating and cooling cycles, together with othe 
pertinent data, are shown in Table 4; the cooling curye 
for both cycles, in Fig. 5. 

From Fig. 5 it will be observed that when a slow hea: 
ing and cooling cycle is used, the crack-sensitive steel 5s 
has the higher Ar; temperature. When the rapid cye| 
is employed, this situation is reversed, the sensitive sted 
5S1 having the lower apparent Ar; temperature. Th 
reason for this is suggested by the microstructures oj 
these two steels as shown in Fig. 6. The fine carbide 
in the sensitive steel go into solution more rapidly, yiel 
ing a more highly alloyed austenite with a lower trans 
formation temperature. 

The difference in crack sensitivity of these two steel 
may be explained in a similar manner. During the shor 
interval that the metal in the heat-affected zone is at 
elevated temperature, the fine carbides in the sensitiy 
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Fig. 5—Dilatometer Cooling Curves, for Both Slow and Hapic 
Thermal Cycles, of Steels 557 and 581 


| TABLE 4.—Results of Dilatometer Test Data 


Steel Average Heating Time at Average Cooling 
No. Thermal | Rate bet ween Maximum Rate between 
—— Cycle | 80° and 1800°F.,| Temperature, | 1800° and 700°F., _ 
Deg. per Min. Min. Deg. per Min. 
537 Slow 4I 18 18.3 1360 | 1460 | 1310 1210 
581 Slow 42 19 18.3 1370 | 1470 | 1345 1240 
557 Rapid 450-500 Oo 275-300 1400 | 1490 | 1020 | 940-830 
581 Rapid 450-500 rs) 275-300 1390 | 1470 980 | 900-800 
— 
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Two Commercial S.A.E. 4130 Steels 
' That Differed Widely in Crack Sensitivity. 


el 5S : b. Steel 581, crack-sensitive. 
Steel 
Th 
res oi 


rbides 


and 581. 
this purpose: 


The following heat treatments were used for 


sitive TABLE 5. Effect of Thermal Treatment 


upon Crack Sensitivity 1, Annealing to coarsen the carbide particle size. 
2. Annealing followed by normalizing at 1900° F. for 
hr. 
Steel panos a 3. Homogenizing for 100 hr. at 1900° F. followed by 
No. Thermal Treatment tivity nm rmalizing from 1900° F. . 
Index hese thermal treatments had a marked influence 
upon the sensitivity of the two steels (Table 5). Anneal- 
ing greatly reduced the crack sensitivity of each steel; 
557 As received. ‘* Condition N" 500 both steels having practically the same index number. 
Sor As received. “Condition N 83 Even more significant, normalizing at 1900° F. for 1 hr. 
SI Annealed 117 did not begin to obliterate the influence of the prior 
557 Annealed and normalized 114 annealing treatment. This indicates that the effect of 
; 58 Annealed and normalized 125 the final thermal treatment may be practically nullified 
55 Homogenized and normalized 82 by the influence of the prior thermal history. The 
581 Homogenized and normalized 89 homogenizing treatment, followed by normalizing, de- 
veloped the maximum crack sensitivity, the structure 
. : in both steels being very fine and both having essentially 
steel go into solution more completely. Upon cooling, the same cracking index. 
this high-carbon austenite establishes conditions favor- In these two steels, the difference in the carbide size 
ing the mechanism by which cracks are formed. Coarser jn the as-received condition is fairly obvious from the 
and less rapidly soluble carbides produce austenite of microstructure. In some steels tested during the in- 
lower carbon and alloy content. The longer holding vestigation, however, differences in carbide size could 
times of ordinary heat treatment eliminate this difference pot be detected visually, after treatments designed to 
in behavior, as is shown by the hardenability tests. promote differences and when the rapid dilatometer and 
crack-sensitivity tests indicated that such differences 
did exist. 
Effect of Structure and Thermal History upon Crack 
Sensitivity 
| Effect of Aluminum and Titanium Upon Crack 
Since the data up to this point indicate that the struc- Sensitivity of S.A.E. 4130 Steel 
ture may be an influential factor in crack sensitivity, the 
i subject was further investigated by determining the crack Since the examination of the two commercial steels re- 
sensitivity of various structures developed in steels 557 vealed that coarse carbide steels were insensitive because 
- ‘LABLE 6.—Chemical Analyses of Experimental Steels S.A.E. 4130 
PER CENT 
| | | 
- Heat No. i | Mn | Pp S Si Ni Ce Mo Ti Ale 
— 9626-1 0.36 | 0.52 O.0II | 0.029 0.40 0.03 1.00 0.18 0.00 
9626-2 | 0.36 | 0.53 | 0.012 0.029 | 0.40 | 0.99 0.19 0.06 
9626-3 o.37 vee 0.010 | 0.029 | 0.44 1.00 0.18 0,25 0.09 
¢ Aluminum values are the acid-soluble contents. Ferrotitanium accounted for 0.03 per cent Al. 
BER @ 1945 
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TABLE 7.—Tensile Properties of Heat 9626 


Elonga- 

eat trength,|Strength, er 

No. Deoxidation Lb. per | Lb. per | Cent 

Sq. In. | Sq. In. in 2 

In. 

9626-1 | Noaluminum | 98,330 | 128,000] 13.5 

9626-1 | Noaluminum/ 98,330 | 128,760] 12.5 

9626-2 | Aluminum 97,860 | 129,930] 13.5 

9626-2 | Aluminum 97,040 | 128,620] 13.5 

9626-3 | Aland Ti | 84,930 | 124,130] 17.5 
9626-3 | Aland Ti | 


the carbides are less readily soluble, and that aluminum 
content might be a factor in weld-crack sensitivity, these 
two factors were further investigated by means of in- 
duction-furnace heats. 

A 300-Ib. induction-furnace heat of S.A.E. 4130 was 
split into three parts, the first ingot being poured without 
an aluminum addition. The remainder of the steel in 
the furnace was deoxidized by an addition of 1'/> Ib. of 
aluminum per ton, after which the second ingot was 
poured. Sufficient ferrotitanium was then added to the 
furnace to yield a titanium content of 0.25% in the third 
ingot. The purpose of this large addition of titanium 
was to form titanium carbides, which are extremely 
stable at high temperatures and therefore should decrease 
the crack sensitivity provided that carbide solubility is 
a factor. The chemical analyses of these three steels, 
which are identified as heats 9626-1, 2 and 3, are shown 
in Table 6. 

All tests discussed in the following text were conducted 
on stock processed as follows: 


Ingots forged and hot-rolled to '/4-in. strips. 
Annealed at 1300° F. for 12 hr. 

Cold-rolled to 0.125-in. gage. 

Annealed at 1300° F. for 12 hr. 

Normalized in a salt bath at 1640° F. for 1 hr. 
6. Drawn for 1 hr. at 900° F. 


Mechanical Properties 


Table 7 indicates that the properties of the aluminum- 


free and the aluminum-treated steels are essentially 


TABLE 8.—Dilatometer Data from Heat 9626 


Average Average Transformation 
Heating Cooling Temperatures, 
Rate Rate Deg. F 
Heat between between 
No. 80° and 1800° and 
1800°F., 
Deg. per eg. per 
Min. Min, | Aca| Ara| Ari 
9626-1 570 300 1360,1440| 970 | 840 
9626-2 546 306 1370 1490 
9626-3 573 347 1370/1490 


* Cooling curve not sufficiently sharp to locate Ars 
and Ar: points; see Fig. 9. 
b Split transformation; seé Fig. g. 
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identical. In the third steel, the addition of titaniyy 
decreased the ultimate and the yield strength, the effec; 
being much more pronounced on the latter. Accom. 
panying the decrease in tensile strength, there was th, 
usual increase in elongation. 


Microstructure 


The structures prior to normalizing are shown in Fig 
7. At this stage of processing, the steels are in a sphe 
roidized condition. The carbides in the aluminum-killed 
steel are appreciably larger than those in the aluminum 
free steel, the smallest carbides being found in the 


? 
ae 


Fig. 7—Annealed Structures. x 1000. Nital Etch 


a. Steel 9626-1, no aluminum. 
b. Steel 9626-2, 11/2 lb. Al per ton. 
c. Steel 9626-3, treated with Al and Ti. 


aluminum-titanium steel. These results demonstrate 
that aluminum promotes carbide coalescence and thiat 
the addition of titanium apparently promotes nucleation 
of the carbide and produces a finer dispersion. 

The normalized and drawn structures, the condition 
in which the steels were tested, are shown in Fig. 8. The 
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9626-1 | No aluminum ‘ 


9626-2 | Aluminum 
9626-3 | Al and Ti | 


@ Steel 557 used as control. 


titanium steels, the latter having coarser carbide par- 
ticles in the pearlite. 


Rapid Dilatometer Tests 


The dilatometer characteristics of the three steels were 
determined using the rapid heating and cooling cycle 
previously discussed. The data pertaining to these 
tests are shown in Table 8 and the cooling curves in Fig. 
9. It is obvious from the cooling curves that tempera 
ture-dilation characteristics of these steels vary widely. 


ee FSW A 


» The steel made without aluminum, No. 9626-1, has a 

much lower apparent Ar, temperature than the steel 

treated with aluminum and aluminum titanium. These 
: ' ae results indicate that a higher alloyed austenite was de 

ro veloped during the rapid heating of the aluminum-free 

. £6 Loh : steel than in the two treated steels. Since the chemical 


analyses of these steels are almost identical, the low Ary 
temperature of the aluminum-free steel signifies that the 
carbides of this steel are more readily soluble. 


The cooling curve of the aluminum-killed steel shows 
that transformation starts at a relatively high tempera- 
ture, 1240° F., which is approximately 140° F. higher 
than the similar point in the aluminum-free steel. Ob- 
viously, this reveals that the carbides in the aluminum- 
killed steel are less soluble than in the aluminum-free ma- 
terial. The cooling curve of the aluminum-treated steel 
(Fig. 9) is relatively straight as compared with the S- 
shaped curve produced by the first steel. 


oso 


Fig. 8-Normalized Structures. < 1000. Nital Etch 


Steel 9626-2 2 Ib. Al per ton. The titanium-treated steel showed a typical split 
| 3, tr transformation during cooling, the first and principal 
transformation occurring between 1300° and 1200° F. 
aluminum-free steel has an extremely large grain size The second transformation, which was of small magni- 
: with a more uniform distribution of carbide and smaller tude, took place between 975° to 750° F. This curve 


lerritic areas as compared with the other two steels. indicates that most of the austenite formed during the 
rhere is some difference in the aluminum and aluminum- short heating cycle was of relatively low carbon or alloy 


TABLE 10.—Chemical Analyses of Heat 10093 


PER CENT 
Heat No. S 
| 
‘ate 100923-I | .O10 .027 .24 
hat 10093-2 .027 oO. 
ion 10093-3 .026 .25 
10093-4 | as | 


® The aluminum values are the acid-soluble contents. 
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Fig. 9—Dilatometer Cooling Curves Showing Effect of Aluminum and Titanium Additions 


content, as revealed by the high temperature at which 
the first transformation occurred, small areas of a higher 
carbon concentration producing the lower transforma- 
tion. These results indicate that the carbides in the 
titanium-treated steel are the least soluble. 

Considering the first two steels, 9626-1 and 2, it is 
obvious from the dilatometer data that the normalizing 
treatment, although carried out at 1640° F. for 1 hr., did 
not obliterate the effect of the carbide size that was es- 
tablished during annealing. While the carbide size in 
the annealed titanium steel was smaller than in either of 
the other steels, the difference in size was more than 
compensated for by the occurrence of titanium carbide, 
which is more stable than iron and chromium carbides at 
elevated temperatures. 


Crack-sensitivity Tests 


The results of crack-sensitivity tests on steels 9626-1, 
2 and 3 are summarized in Table 9. These data reveal a 
marked difference in the sensitivity of the aluminum- 
free steel as compared with the other two, the former 
having a sensitivity index of 94 as compared with 115 and 
118 for the aluminum and the aluminum titanium- 
treated steels. 


TABLE 11.—Tensile Properties of Heat 
10093, Let No. 1 


Yield Tensile . 

Heat No Strength, Strength, ay won 
wi Lb. per Lb. per a te 
Sq. In. Sq. In. " 
10093°I 92,190 119,380 | 15.0 
10093-I 92,940 120,550 | 
10093-2 94,300 120,180 15.0 
10093-2 90,920 118,620 | 13.02 
10093-3 91,670 | 119,430, 15.0 
10093-3 93,590 120,620. 15.0 
10093-4 92,500 120,000 15.0 
10093-4 91,860 119,510 15.5 

@ Specimen broke short. 
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End-quench Hardenability 


Rounds for Jominy end-quench hardenability tests 
were forged from each of the three ingots, followe/ by 
normalizing at 1650° F. for 1 hr. The standard test 
specimens were then heated to 1650° F. for 1 hr. and 
quenched in the conventional manner. 
these tests are illustrated graphically in Fig. 10. 

The hardenability curves for the aluminum-free and 
the aluminum-treated steels are practically identical, th 
titanium addition decreasing the hardenability (when 
the usual quenching temperature is used) to an appre- 
ciable extent. These data again illustrate that harden 
ability, as determined by the Jominy end-quench proce- 
dure, is not necessarily a measure of the crack sensitivity. 
It has been suggested that if end-quenched test bars 
could be heated to the quenching temperature in a period 
of 2 or.3 min. a direct correlation might be found between 
the crack sensitivity and the hardenability, provided the 
microstructures of the two specimens wete similar and 
had been arrived at by similar processing. However 
this may not be strictly true because, as will be men 
tioned later, hardening and cracking appear to relate to 
somewhat different phenomena. For determining th 
effect of structures on cracking, the rapid dilatometer 


TABLE 12.—Summary of Creck-sensitivily 
Data Heat 10093, Lot No. 1° 
| 


Average 
Aluminum Total Crack- 
Heat No. | Addition, Length sensitivity 
| Lb. per Ton! of Cracks, Index 
| Per Cent 
10093-I I 73.9 84 
10093-2 2 62.8 89 
10093-3 3 54.0 93 
10093-4 4 52.4 94 


« These steels were hot-rolled, annealed, cold-rolled, 
normalized. and drawn. 


The results of 
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Fig. 10—Jominy End-Quench Hardenability Curves for Steels 
9226-1, 9226-2 and 9226-3 


test is simple and accurate and has been valuable as an 
indirect check of the cracking tendency. 


Effect of Aluminum Additions, Ranging from 1 to 
4 Lb: per Ton, Upon Crack Sensitivity 


Since it was demonstrated that the crack sensitivity 
of S.A.E. 4130 can be decreased to an appreciable extent 
by deoxidation with 1'/, Ib. of aluminum per ton, it 
appeared advisable to investigate the effect of aluminum 
in greater detail and over a much wider range than would 
normally be used in this or similar grades of steel. 

A 300-lb. induction-furnace heat, No. 10093, was made 
and poured into a number of ingots, which were. deoxi- 
dized with aluminum additions ranging from | to 4 Ib. 
perton. All aluminum additions were made to the metal 
while in the furnace. The chemical analyses, including 
the acid-soluble aluminum content of these four steels, 
are Shown in Table 10. With the exception of aluminum 


content, these four steels may be considered identical. 

After forging and hot rolling to 0.250 in., the stock 
from each ingot was divided into two lots and processed 
as follows: 
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TABLE 13.—Tensile Properties of Heat | 
10093, Lot No. 2¢ 


Tensile 


Yield 


Elongation 

Strength, Strength, 

Heat No. Lb. per Lb. per nat Soe 
Sq. In. Sq. In. : 


10093-I 90,410 119,680 17.0 
10093-I 91,510 120,480 10.5 
10093-2 | 92,540 119,000 16.5 
10093-2 93,040 120,000 | 17.5 
10093-3 90,730 | 119,040 
10093-3 | 92,220 | 119,840 | 16.0 
10093-4 | 91,340 | 119,600 16.5 
10093-4 92,220 | 120,040 15.5 
Lot No. 1 

1. Hot-rolled to 0.170 in. 

2. Annealed for 8 hr. at 1250° F. 

3. Cold-reduced to 0.125 in. 

4. Normalized at 1650° F. for '/» hr. 

>. Drawn at 900° F. for 1 hr. 


Lot No. 2 
1. Normalized at 1650° F. for 1 hr. 
Drawn at 900° F. for 1 hr. 


Properties Developed in Lot No. 1 


From the chemical analyses and tensile properties, 
listed in Tables 10 and 11, it appears that steels 10093-1 
to 4 are practically identical with the exception of the 
aluminum content. 

The effect of aluminum content upon the crack sensi- 
tivity is shown in Table 12. There is a marked decrease 
in sensitivity as the aluminum content (acid-soluble) is 
increased from 0.02 to 0.09%. Above the latter value, 
the effectiveness decreases to the point where there is 
little to be gained from additional aluminum. 

These data clearly illustrate the marked decrease in 
sensitivity that may be obtained, with no sacrifice in 
tensile properties, by increasing the aluminum content 
from the conventional value of 0.02 or 0.03%, to 0.09% 
when using this type of processing practice. 


Properties Developed in Lot No. 2 


The steels in lot No. 2 were processed, as previously 
outlined, by hot rolling to '/s-in. gage, followed by 
normalizing at 1650° F. and a 900° F. draw. 


TABLE 14.—Summary of Crack-sensit 
Data Heat 10093, Lot No. 2¢ 


ivity 


| Average 
, Aluminum Total Crack- 
Heat No. | Addition, Length of sensitivity 
Lb. per Ton Cracks, Index 
Per Cent 
10093-I I 55.5 78 
10093-2 2 $7.9 77 
10093-3 3 55.3 78 
10093-4° 4 39.2 85 


* These steels were hot-rolled, normalized, and 
drawn. 

> See text regarding crack-sensitivity values for steel 
10093-4. 
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The tensile properties and crack-sensitivity values of 
these steels are shown in Tables 13 and 14. The tensile 
properties of all four steels are in very good agreement. 
From the crack-sensitivity data, it is obvious that the 
sensitivity of these steels was not affected by aluminum 
content as steels 10093-1 to 3, inclusive, have essentially 
the same index values. : 

The sensitivity of steel 10093-4 is somewhat out of line 
with the results obtained from the first three ingots, and 
this value is questioned. There was not sufficient stock 
to repeat the test. 

These data indicate that in these hot-rolled and 
normalized steels (i.e., which had not been given a sphe- 
roidizing anneal), the crack sensitivity was not influenced 
by aluminum content and was rather pronounced in all. 


Comparison of Lots Nos. 1 and 2 


The principal difference in the processing of these two 
lots was that lot No. 1 received cold-rolling and anneal- 
ing treatment and lot No. 2 did not. Both steels were 
normalized and drawn as the final treatment. This in- 
dicates that the effect of aluminum is indirect and that 
it decreases the sensitivity by accelerating the rate of 
carbide coalescence during annealing. Previous work 
in this investigation had demonstrated that the sensitiv- 
ity is reduced by increasing the carbide size prior to 
normalizing. Therefore, the explanation concerning 
aluminum appears satisfactory, since it accounts for the 
beneficial results obtained by the processing prior to 
normalizing. It is also in agreement with the fact that 
no improvement was obtained from increased aluminum 
content in the hot-rolled and normalized steels. In the 
latter, there was no opportunity for carbide growth, so 
the aluminum had no effect upon crack sensitivity. 

Figure 11 shows a comparison of the sensitivity of lot 
No. 1 with that of lot No.2. This figure reveals the ad- 
vantage of a combination of high-aluminum contents 
and processing prior to normalizing. Care must be exer- 
cised in the annealing treatment, since overannealing 
will result in a decided decrease in the tensile properties, 
especially the yield strength. Such steels are always 
extremely insensitive. 


Crack Sensitivity and Strength 


As work progressed on structure, or on aluminum addi- 
tions and processing, it became clear that securing a low 
level of cracking entailed some loss of strength. The 
data of Table 2 suggested that this loss might even be 
serious from the standpoint of securing both good weld- 
ability and adequate strength in the same steel. More 
extended experience on this and other problems has 
shown that both can be varied appreciably, so that se- 
curing the desirable combination requires both the alu- 
minum deoxidation and the spheroidization of the 
carbides. With 2 Ib. of aluminum per ton, a moderate 
to medium amount of cold-work and the usual subcritical 
anneal produce a good structure. The subsequent nor- 
malizing is then controlled to give the required properties. 
Tests of this point show that standard normalizing does 
not alter the structure sufficiently to vitiate the weld- 
ability; in fact, to do that, temperatures in excess of 
1900° F. are required. 


An Investigation of Postheating 


The effect of postheating conditions upon g¢he extent 
of underbead cracking was investigated by making cir- 
cular bead-crack tests on the sensitive steel 581. For 
these tests, the welding jig was modified by the addition 
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of electric heating elements and a control system for 
maintaining the desired temperature. The jig and 
specimen were preheated to the test temperature and th 
circular bead was deposited as usual. The preheatin 
was regarded only as a means of starting the postheat 
the desired temperature and, as far as could be deter 
mined, does not have any other influence on the welding 
results. 

Postheating conditions, ranging from room tempera 
ture to 1000” F. in steps of approximately 100° F., and 
time intervals of holding the test samples varying from 
1 sec. to 24 hr. at each temperature, were investigated 
The time range was covered in 17 steps, selected to giv: 
the maximum accuracy over the range of rapidly chang 
ing properties. 

A summary of the data is shown in Fig. 12. 
data need some explanation. 
as stated, the temperatures—‘‘average effective tem 
perature’’—are those of the heat-affected zone adjacent 
to the weld bead as determined pyrometrically. This 
procedure was adopted to give a better understanding 0! 
the metallurgical conditions to which the test samples 
were subjected. This appears to distort the curves in 
the high-temperature region—i.e., fer the short-time 
intervals when the welding heat overbalances the direct 
heat from the jig—but the effect is relatively small in 
the low-temperature region with longer holding times 
For postheating below about 500° F. the curves give an 
approximate idea of the times required to complete the 
austenite transformation and prevent cracking. Tlic 
upper right region, which was only partly explored, shows 
that relatively long times would be required to prevent 
cracking if too high postheating temperatures were used. 
Furthermore, these results apply directly only to the 
welding conditions actually used, though in principle the) 
are thought to hold for other conditions as well. 

This chart consists of contour lines, each line represent 
ing a definite level of improvement obtained in the crack 
sensitivity index rating by using the indicated postheat 
ing temperature and time of holding at temperatures. 


These 
While the tests were run 
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Fig. 12—Contours of Equal Improvement in Crack Sensitivity 


Thus by postheating at 600° F. for 1 min. the index 
was raised by 40 points. It will be noted that a marked 
improvement can be obtained by the proper selection of 
postheating conditions and that less time is required, in 
general, at the higher temperatures, up to about 1000° F. 

While the cracking data were being collected, hard- 
ness surveys were made of the heat-affected zones in the 
crack-sensitivity specimens used in the postheating 
study. The maximum hardness developed in the heat- 
affected zone related to the incidence of cracking is shown 
in Fig. 13. These data reveal a good correlation between 
hardness and degree of cracking in the extremely hard 
and the soft specimens. - However, with hardnesses of 
about 500 to 575 V.H.N. in the heat-affected zones, it 
was found that the crack sensitivity varied with the 
postheating history over a wide range. The reason for 
this apparent inconsistency was found in the micro- 
structure, the type of martensite shown in Fig. 14 being 
associated with cracking while the martensitic structure 
in Fig. 15 was not, or at least not to the same degree, al- 
though both structures were in the same hardness range. 

The information obtained from this study indicated 
that the changes in properties of the heat-affected zone 
resulting from postheating may be predicted from an 
S-curve, taking into account that such surves are con- 
Structed from data obtained under ideal conditions, 
which permit transformation at constant temperatures. 
For most practical purposes, it appears that the post- 
heating conditions that yield the most satisfactory re- 
sults for freedom from cracking and high strength cor- 
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an understanding of the crack 
ing phenomenon was highly de- 
sirable. As pointed out in the 
introduction, no authoritative statement on this point 
was available, but certain ideas were developed that led 
to the following conception of the broader aspects of 
underbead cracking. This picture includes the effects 
of the delayed transformation of retained austenite, hy- 
drogen absorption and stresses. 

The presence of retained austenite was suspected from 
the finding that cracking occurred at about room tem- 
perature and that it progressed thereafter for a period of 
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hours, A check by an X-ray method confirmed its pres- 
ence, and this was held to be consistent with the results 
of the dilatometer tests and the effect of structure. The 
work on postheat treatment supported this idea, since, 
regardless of the hardness of the heat-affected zone, 
cracking was eliminated by causing the austenite to 
transform completely at some higher temperature. On 
this basis cracks are associated with the white martensite 
of Fig. 14, not because that structure is hard or brittle or 
weak but because that structure comes from the low- 
temperature transformation of austenite. 

The effect of hydrogen absorption on underbead crack- 
ing has been discussed by Herres,* who shows the vital 
role played by this gas. He suggests that the pressures 
produced when this gas precipitates at discontinuities 
may exceed the strength of the metal. Tests made in 
the present investigation completely substantiate his 
findings that hydrogen is necessary, and it was shown, for 
example, that the crack-sensitive steel 581 was crack free 
when welded in the crack-sensitivity test with a non- 
gassing weld rod. 

It has been observed that underbead cracking always 
occurs in the most purely martensitic areas. This ma- 
terial has a strength in the neighborhood of 300,000 psi. 
and the stress that cracks it must exceed that figure. 
It is obvious, then, that shrinkage stresses alone are quite 
inadequate to initiate such cracks when it is realized 
that the unaffected parent metal has a yield strength 
under 100,000 psi. 

It has been demonstrated that retained austenite and 
the delayed decomposition to martensite play a vital part 
in the cracking. At the same time, decomposition of the 
retained austenite at room temperature in the absence 
of hydrogen does not cause cracking, and the fairly rapid 
decomposition of austenite at temperatures above 500° 
F. also does not lead to cracks. 

Fitting these observations together, the mechanism 
seems to be as follows: During the welding operation 
with the usual weld rod, quantities of hydrogen are dis- 
solved in the weld bead. This diffuses rapidly into the 
parent metal, which is heated above the transformation 


Fig. 14 


temperature. Hydrogen is soluble in austenite at 
temperatures but is practically insoluble in cold ferrit. 
or martensite. When the heat-affected zone transforms 
therefore, hydrogen is rejected from all areas except those 
that remain austenitic. In these areas of austenite th, 
hydrogen concentrates to relatively high values. Whey 
they later transform at room temperature and hydrogey 
is rejected, with no place to go, enormous aerostat) 
pressures are set up, which disrupt the adjacent structur, 
even though it be hardest martensite. The cracks thys 
formed are undoubtedly quite small, and the principa| 
function of thermal stresses probably is to cause the 
cracks to grow to visible size. This growth has been oh 
served frequently and was demonstrated in the cours 
of the present investigation. If this austenite is trans 
formed at elevated temperatures, the hydrogen cay 
diffuse sufficiently to prevent the maximum stress. This 
is a common experience with shatter cracks, which are 
never produced at temperatures above 400° F. 

It follows, therefore, that the more hardenable steels 
are in general more crack sensitive because they tend 
more to retain austenite. Likewise, with greater solu 
tion of the carbides, the likelihood of retaining austenit 
is greater. 

The very nature of the arc-welding process, with its 
steep temperature gradients, is ideal to set up local 
stresses of high magnitude, though the magnitude will 
depend on the degree of restraint imposed. While thes 
in the martensite, they are additive to the aerostati 
stresses of the rejected hydrogen and might logically bx 
the straw that breaks the camel’s back. This is in line 
with the experience that sometimes cracks may form 
when welding is done under conditions of restraint but 
not when there is no restraint. 


Technical Control 


The work described herein relates to light-gage ma 
terial and particularly to processing, which includes 


Fig. 15 


Structures in Areas of Maximum Hardness Following Postheating. 1000. Nital Etch 
Fig. 14—Postheating 3 min. at 197 to 137° F. V.H.N. 519-536. Sensitivity index 86 
Fig. 15—Postheating 3 min. at 387 to 321° F. V.H.N. 514-548. Sensitivity index 113 
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eold-rolling and subcritical annealing. Without alumi- 
sum deoxidation (2 Ib. per ton) this processing is not as 
effective in coarsening the carbides; hence it is desirable 
to make steels of the S.A.E. 4130 class to fine-grained 
practice. Fortunately the spheroidizing effect is not 
eliminated by production normalizing, and that step can 
be set up to meet the requirements for mechanical prop- 
erties. Additional experience, not reported here, does 
suggest, however, that overspheroidization decreases the 
crack sensitivity more than is needed and increases the 
difficulty in meeting the strength required, particularly 
the vield strength. 

The present contribution is advanced as a discussion 
of the fundamental principles involved in this field of 
metallurgy, or as a guide to the establishment of suitable 
practice. When the hardening elements are on the low 
side, the need of this control is less, but as the hardening 
elements increase, the effect of structure becomes more 
pronounced and the maintenance of good weldability 
requires a control of structure. 


Conclusions 


While this paper is essentially the conclusions of 
several years’ work, together with a limited amount of 
supporting data, the results may be briefly summarized 
is follows: 


1. The relative underbead cracking tendencies of 
hardenable steels, such as $.A.E. 4130, may be deter- 
mined by a simple weld test made under carefully con- 
trolled conditions. 

2. The extent of underbead cracking, crack sensitiv- 
ity, can be correlated with the dilatometric character- 
istics Obtained in a rapid thermal tycle. 

3. The structure, as determined by the manufactur- 
ing and thermal history of the steel, has a marked effect 
upon the weld-crack sensitivity, a coarse carbide struc- 
ture being less crack sensitive. 

!. Increased aluminum content decreases the crack 
sensitivity of steels that have been annealed during proc- 
essing prior to the final normalizing, the reason being 
that aluminum increases the rate of carbide coalescence 
during annealing. 

5. The addition of sufficient titanium decreases the 


crack sensitivity because of the formation of extremely 
stable carbides. ; 

6. The effect of postheating may be predicted from 
the S-curve, the most favorable strength to cracking 
ratio being obtained from the conditions most favorable 
to the formation of bainite. 

7. With the exception of conditions of extremely high 
and low hardness in the heat-affected zone, no correlation 
was found between the hardness and the extent of crack- 
ing. 

8. The origin of underbead cracks is thought to be in 
very high local aerostatic stresses developed by the sud 
den release of hydrogen during the low-temperature 
transformation of small areas of residual austenite where 
the hydrogen had concentrated during the transformation 
of the greater portion of the heat-affected zone. 

9. Restraint and thermal stresses in a weld are not 
primary causes of underbead cracks but are responsible 
for their propagation. 
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Addendum 


Since this work was completed and written up, several 
papers on underbead cracking have come to the authors’ 
attention. These appear in the 7ransactions of the In 
stitute of Welding (July 1944), and have been published 
in The Welding Journal for December 1944. These 
papers show the effect of hydrogen in producing parent- 
metal cracking and also bring out the role played by 
stresses, particularly when the welding is done under 
restraint. Retained austenite is mentioned by Rollason, 
but only a summary of his paper is printed, and it is not 
clear how much weight is assigned to this constituent or 
just what role it has in the cracking phenomenon. These 
papers give a valuable and timely contribution to the 
welding of hardenable steels. 


MEETING OF A.F.A. 


New officers and directors of the Ameri- 
can Foundrymen’s Association were 
elected at a 1945 Administration Congress 
held July 17-19th, at the Palmer House, 
Chicago. The three-day meeting held on 
an invitational and delegate basis in ac- 
cordance with ODT regulations, brought 
together both national and local leaders of 
the Association for framing policies and 
activities on behalf of the foundry indus- 
try during the coming year. 


Election of Officers 


The following national officers and di- 
rectors were elected in accordance with 
the Association By-Laws: 

President, F. J. Walls, International 
Nickel Co., Detroit; Vice-President, S. V. 
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Wood, Minneapolis Electric Steel Cast- 
ings Co., Minneapolis. 

Directors: George K. Dreher, Ampco 
Metals, Inc., Milwaukee; E. W. Horlebein, 
Gibson & Kirk Co., Baltimore, Md.; H. 
H. Judson, Goulds Pumps, Inc., Seneca 
Falls, N. Y.; James H. Smith, Accessories 
Group, General Motors Corp., Detroit; 
F. M. Wittlinger, Texas Electric Steel 
Casting Co., Houston, Tex. 

In addition, retiring President R. J. 
Teeter, Cadillac Malleable Iron Cou, 
Cadillac, Mich., was elected a Director 
to serve one year. 


Foundry Leaders Honored 

Two gold medals and three honorary life 
memberships in the Association were pre- 
sented at the meeting. The John A. Pen- 
ton Gold Medal was presented to Clarence 
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Edgar Sims, Battelle Memorial Institute, 
Columbus, Ohio, for his contributions to 
the steel casting industry. 

The Joseph S. Seaman Gold Medal was 
presented to A.F.A. Secretary Robert E 
Kennedy for his long and meritorious ser 
vice in organizing and guiding the techni- 
cal activities of the Association on behalf 
of the entire industry 

Honorary life membership was presented, 
in absentia, to Rear Admiral Van Keuren, 
U.S.N., Naval Research Laboratory, 
Washington, D. C., in recognition of his 
work on behalf of the castings industry 

Honorary life membership was presented 
to M. J. Gregory, retired, formerly of 
Caterpillar Tractor Co., Peoria, Il., for his 
contributions to the Association and the 
foundry industry. Honorary life mem- 
bership also was presented to retiring 
president R. J. Teetor. 
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Weldability Tests of Valve 
Body Material 


By Laurence H. Carr* 


HE use of welding in the manufacture and in- 
stallation of steel valves has grown by leaps and 
bounds during the war period. Throughout most 

of the war, steel valves have been one of the most critical 
common components, and have been used extensively in 
marine, power, chemical process, synthetic rubber, 100- 
octane gasoline, munitions and many other essential war 
plants. The increased use of welding was one of the 
important factors in breaking the steel valve bottleneck 
which at times threatened whole areas of war production. 
Welding is used not only to insert steel valves in a pipe 
line, but also as a means of fabricating complete valves 
from a number of parts, and as a method of correcting 
casting defects. Screwed end valves may have a seal 
weld laid over the pipe joint to prevent leakage, and 
flanged end valves may have seats welded in them, or 
drains and by-passes welded to them. Hence it is never 
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safe to assume that any steel valve body will not be 
welded even though it may not be described as a welding 
end valve. 

A measurement of the weldability of various stee! 
valve body materials is just as complicated as th 
measurement of the weldability of any other steel. 
many varying factors can be named that a complete and 
foolproof measure of weldability is practically impossibk 
to attain. However, from both metallurgical and pur 
chasing standpoints, there seems to be one main factor 
controlling weldability which can be measured and speci 
fied. This is the hardenability of the material in th: 
heat-affected zone. When stated in its most elementary 
terms, everyone will agree that a material which shows 
high hardness of the heat-affected zone is undesirable, 
while a material showing low hardness in the heat 
affected zone is desirable. A system for evaluating this 
factor was very thoroughly presented in the July 143 
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issue Of THE WELDING JOURNAL. This was called “A 
Tentative System for Preserving Ductility in Weld- 
ments,’ and was presented by Mr. G. E. Doan and Mr. 
R. D. Stout and issued by the War Metallurgy Com 
mittee of the N.D.R.C. 

An investigation along this line, made in the Metal- 
lurgical Laboratories of The Edward Valve & Mfg. Co., 
Inc., is the basis for the material presented hereafter. 


Experimental Procedure 


The test method employed consisted essentially of 
two parts. The first involved the study of a wide 
variety of welding procedures used in the Edward plant 
to determine typical rates of heat input. These figures 
were combined with the heat conductivity figures given 
in the paper by Doan and Stout so as to obtain maxi 
imum cooling rates for the material in the heat-affected 
zone for any one of the procedures. The second part 
consisted of testing a wide variety of valve body ma 
terials by means of the Jominy end-quench hardenability 
test so as to find the hardness created by cooling rates 
varying from 600 to 4°°F. per second. Finally, by equat- 
ing any two cooling rates, it was possible to predict 
maximum hardness of the heat-affected zone from any 
desired welding procedure. 

Specifically, the cooling rates from welding were deter- 
mined as follows: 

Weld beads were laid down in a horizontal position by 
each of three welders, using welding rods varying in size 
irom '/gin. to '/,in. Rods conforming to A.W.S. Types 
E6010, E6012, E6030, E7010 and E7020 were tested. 
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The instructions to each welder were to lay down passes 
at the highest rate of speed which they would normally 
use. As these passes were laid down, the average current 
and voltage were taken from the instrument on the weld 
ing machine. The total time for making the deposit was 
measured and the length of the bead was measured. In 
this manner the rate of welding in inches per minute 
could be calculated and the amount of power input per 
inch could be calculated. 

The amount of heat put down in welding is generally 
expressed in Joules as the unit of energy. (One Joule is 
equal to one ampere times one volt times one second. 
Consequently, the Joules heat input per inch were caleu- 
lated by multiplying the volts by the amperes by 60 and 
dividing by the number of inches per minute traveled. ) 

The figure of Joules heat input was next divided by a 
geometry factor which is related to the rate of heat con 
duction due to the thickness of the metal being welded. 
The paper by Doan and Stout gives factors for first pass 
V- or U-welds, first pass fillet or lap welds, first pass V 
weld with '/,-in. backing strip, and a single bead on a 
plate. For our purposes this was simplified to give just 
one factor for each thickness of material which will cover 
fairly well a bead at the bottom of a groove or the top of a 
groove, but neglects lap welding which does not generally 
apply to valve work. These factors are shown in Table |. 

By dividing the Joules heat input per inch by the 
geometry factor, a number is obtained which needs only 
correction for plate temperature to yield a quenching 
speed. This plate temperature correction is achieved 
by the use of Fig. 1. By drawing a horizontal line trom 
the left-hand side of this chart to the line of desired pre- 
heat temperature, a vertical line could then be drawn to 
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Table 1—Geometry Factors for Cooling Rate Calculations 


Material Thickness, In. 
1 


Average Factor 


/8 0 25 
0.50 
0.75 
1.00 
1.20 
1.5 
1 2.0 
11/4 2.4 
11/, 2.8 
2 3.4 
3.9 
3 4.5 


the bottom of the chart to find the position on the Jominy 
bar to which this welding procedure corresponds. Each 
position on the Jominy bar in turn corresponds to a 
specffic cooling rate. 

By this means, a series of cooling rates normally en- 
countered in Edward production welding were calculated 
for °/s9-in. rods and '/4-in. rods. These cooling rates on 
base materials, without preheat, are shown in Fig. 4. 
With the 400° F. preheat they are shown in Figs. 2 and 3. 
They have been drawn for a series of wall thicknesses 
ranging from °/, in. to 3 in., but they permit cooling rates 
for intermediate wall thicknesses to be quickly estimated. 

In the second portion of the test, Jominy end-quench 
hardenability tests were made on 35 different specimens 
in accordance with the A.S.T.M. Tentative Method 
A255-42T. The specimens were essentially 1 in. round 
and 4 in. long and they were Austenitized at 2100° F. in 


order to more or less duplicate the high temperatyr.. 
involved in welding. The specimens were then hung ;, 
a jig wherein they were water quenched on one end on), 
The heat from the remaining portions of the bar wag 
conducted out through this end and hence underwe 
lower cooling rates. The material '/i in. from th 
quenched end cooled at a rate of 600° F. per secons 
while material 1 in. away cooled at the rate of 10° F 
second. 

When completely cooled, the specimens were retovyed 
and two flats '/\, in. deep were ground the entire lengt} 
of the bars. Their hardness was then checked with , 
Rockwell hardness tester at intervals, starting 
with the quenched end. All of the mechanics of thi: 
test are in accordance with the A.S.T.M. specificatio; 
mentioned above. 

Some investigators have reported very erratic Rock 
well hardness readings on Jominy tests of cast specimens 
This presumably is due to carbon segregation in the cast 
bars. This effect was checked in seven of the cast bars 
used in this study by grinding not two, but eight flats at 
45° intervals around the bar. The Rockwell hardness 
readings were then taken on all eight faces. 


. Der 


Test Results 


The 35 samples of steel tested represented a variety o/ 
lots of rolled and cast carbon steel and carbon-molyb- 
denum steel. The carbon steels correspond to AISI C- 
1022 and C-1029 and A.S.T.M. A105—40 Class IT and 
A216-42T Grade WCB. The carbon-molybdenum steels 
correspond to A.S.T.M. A182-40 Grade F1, and A217 
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Table 3—Average’ Rockwell C_Reading on Jominy End-Quench Bars 
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42T, Grade WCl. The check 
analyses were taken from drilling 
taken directly from the test speci- 
mens. It will be noted that with 
two exceptions the carbon steels 
ranged as follows: 


Carbon....... 0.20 to 0.29% 
Manganese... 0.60 to 0.82°% 
Silicon....... 0.25 to 0.57% 


Molybdenum. 0.00 to 0.05° 


Chromium... 0.01 to 0.07% 
Nickel....... 0.07 to 0.24% 


The carbon-molybdenum steels 
ranged as follows: 


oe 0.20 to 0.28% 
Manganese. . 0.48 to 0.820 
Silicon....... 0.22 to 0.46% 
Molybdenum. 0.41 to 0.50% 
Chromium ... 0.00 to 0.19% 
Nickel....... 0.12 to 0.25% 


The Rockwell hardness read- 
ings at the various test points are 
listed in Table 3. These figures 
are the average of the two spots 
on each side of a bar. Figures 
for ten of these test specimens 
of carbon-molybdenum steel have 
been plotted in Fig. 2. The re- 
maining heats of the steel fall 
within the same range, but were 
so close to the other curves that 
there was not room to plot them. 

Figure 3 shows the range of car 
bon-molybdenum steel heats and, 
in addition, shows results of vari- 
ous special analyses. It will be 
noted that one special heat con- 
tains 0.44°7, chromium, another 
special heat contains 0.66% 
chromium, and a third 1.26% 
chromium. Specimen No. 35 
corresponds to A.S.T.M. A217- 
42T, Grade WC4 containing both 
nickel and chromium in addition 
to the molybdenum. 

The hardenability curves of the 
carbon steel heats are shown in 
Fig. 4, along with a range of values 
found for the carbon-molybdenum 
steels by way of comparison. 
Two of the heats of carbon steel 
were notably more hardenable 
than the others and have been 
drawn in separately. These are 
specimens Nos. 14 and 15. 

The tests of the seven cast 
specimens which had eight faces 
ground and tested showed no 
great difference between different 
testing faces. In the piece with 
the greatest difference the hardest 
face was from 3 to 5 Rockwell C 
point s above the softest face. 
However, when faces 180 degrees 
apart were averaged the maxi- 
mum deviation dropped to 3 
points on the Rockwell scale. It 
was concluded from this that these 
end-quench tests are reliable on 
properly prepared cast specimens. 
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Interpretation 


From the test results presented here it is possible to 
predict the maximum hardness in the heat-affected zone 
of any type of welding procedure used on any of the 35 
samples of material tested. Without any calculations 
whatsoever it is possible to compare the maximum hard- 
ness in the heat-affected zone for any one given welding 
procedure among any of the 35 samples. 

The charts are used as follows: 

Assume, for example, a casting with a 1'/2-in. wall 
thickness of carbon-molybdenum steel which is pre- 
heated to 400° F. An examination of Fig. 2 will show 
that when welded at the slowest speed with a '/4-in. rod, 
specimen No. 29 should give 35 Rockwell C in the heat- 
affected zone and specimen No. 24 should give 22 Rock- 
well C in the heat-affected zone. If, on the other hand, 
these castings were welded with °/3-in. rod at the fastest 
normal speed the hardness of the two heats would be 47 
and 31, respectively. It will be noted that this difference 
in hardenability follows, in general, the chemical analy- 
sis. However, in carbon steel it is only customary to give 
carbon, manganese and silicon and to neglect the residual 
alloys which, of course, are the elements which exert the 
most profound effect within any one grade of steel. 


Conclusion 


It is quite obvious from Fig. 4 that carbon-molybdenum 
steel is considerably more hardenable than plain carbon 
steel. The general precaution of preheating this material 
is quite in order. Certain heats of carbon steel with no 
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very obvious discrepancies in normal chemical analysis 
may be as hardenable as carbon-molybdenum steel. ‘The 
addition of chromium to cast carbon-molybdenum steel 
does not appreciably alter the hardenability for low heat 
input and high rates of heat extraction, but it makes 
quite a marked difference at the slower cooling rates 
wherein larger rods and thinner-walled materials are 
used. This is brought out clearly in Fig. 3. This is in 
line with the generally known fact that carbon alone 
determines the maximum hardness which can be ob- 
tained in steel. 


Fig. 5—Welded Fabrication in Forged Steel Valve Bodies 
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Fig. 7—End Quenching 


Jominy Test Bar 


ws 


Fig. 6 Rockwell Hardness Testing Jominy Test Bar 


In the region where the cooling rate is 40° F. per sec- 


‘Sis ond, which might be taken as most typical of all welding 
“he procedures, the one-half per cent chromium has raised 
eel the hardness from 7 to 8 points Rockwell. From the 
sat analyses of the various heats of carbon-molybdenum 
ces steel tested, this seems to be equivalent to a change of 
tes 0.04 to 0.05% carbon in so far as hardenability is con- 
ire cerned. 
in In other words, it seems fairly safe to assume that a 
ne cast carbon-molybdenum steel, having one-half per cent 
‘b- chromium added, could be given the same weldability as 
the current grade of carbon molybdenum steel WC1 if 
the carbon were decreased 0.05%. With this change the Fig. 8—Welding Seat in Flanged End Gate Valve 


material would be as weldable at high rates of heat input 
and more weldable in the region of low rates of heat input. 

The end-guench hardenability test seems to offer an seems to be a fine test for a specification requirement to 
excellent means of comparing the hardenability and prevent the accidental use of excessively hardenable 
hence relative weldability of various grades of steel valve heats of steel which might cause trouble in welding 
body materials. It is simple to perform and hence fabrication. 
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Discussion of A. H. 


Cottrell's Paper, “A 


Note on the Eftect of Local Stresses on 


Mechanical Properties 


By H. C. Boardmant 


HIS paper is interesting and instructive; under 

some disguise it presents our old friend—an as 

sembly of a tension member midway between two 
compression members and all three attached at their 
ends to absolutely rigid crossbars, as indicated in Fig. I. 
B and B are the compression members, and A the ten- 
sion member. Due to residual stresses the B members 
have been shortened J, in. and the A member has been 
lengthened /, in. If the unstrained length of the A 
member is 1 in., the unstrained length of the B members 
must be (1 + /, + /,) in. The combined cross-sectional 
area of the B members is 2 sq. in.; the cross-sectional 
area of the A member is a sq. in. The residual stress in 
the B members is (.S),'‘psi.; in the A member it is (S), 
psi. Then, obviously, whether the residual strains in A 
and B are elastic or plastic: 


a(S)a = oF (Sle = (2)(S)o, or 2 = (1) 

The author has treated the A and B elements as 
though the unstrained length of each were 1 in. which, of 
course, cannot be true. Doubtless he felt that the re- 
sulting error was practically negligible as compared with 
the crudities of the other basic assumptions. Neverthe- 
less, it may be helpful to parallel his development with 
one maintaining the correct relations between A and B. 


NOTATION: 


thth 

Y = modulus of elasticity, psi. 

D = true ductility = maximum plastic ten- 
sion strain which A 
can endure, inches. 
(Really, in general 


inches per inch ef un- 
strained length) 
E and E’ = elastic limits, in tension and compression 
respectively, psi. 
breaking stress of A in tension, psi. 
residual tensional strain per inch of un- 
strained length of A, in. 
Y-], = (S)q when the strain in A is wholly elas- 
tic, psi. 
l,-< = residual compression strain per inch of 
unstrained length of B, in. 
(.S))» when the strain in B is wholly elastic, 
psi. 


>| 


Y-l,-2 


If the residual compressive strain in the B members is 
wholly elastic the residual compressive stress in the B 


* Published in the November 1944 issue of Welding Research Supplement, 
p. 599. 
+ Chicago Bridge & Iron Company. 


members cannot exceed EZ’. The third form of Equa. 
tion 1 makes it apparent that the smallest ratio of (b/c 
consistent with residual elastic compressive stress in 
and residual breaking stress in A is F/E’. 


2 = = (2) 
a ef \ 
for wholly elastic residual compression in B, and residual 
breaking stress in A. 

Fig. II represents the tension and compression stress 
strain relationships when the residual strains in the 4 
and B members are wholly elastic. 

Fig. III represents the tension and compression stress 
strain relationships when the residual strain in A is 
partly elastic and partly plastic and the residual strain 
in the B members is wholly elastic. 

For both Figs. II and III, (S), = Y-l,-2. Substituting 
this for (.S), in the second form of Equation 1, 


For Fig. II, since the residual strain in A is wholly 
elastic, 


= Y-l,, or = (4 


For Fig. III the total residual strain in A is /, and the 
residual elastic strain is, from Equation 3, (b/a)-/,-:. 
Therefore, for Fig. III, 


b 


Residual plastic strain in A = |], — as (5 


It is clear that, for both Figs. I and II the necessary 
additional tensile load on A to break A is, 


a(F (6 
a 


For Fig. I the remanent ductility in A, as the author 
terms it, is 


D’ = D, the true ductility (7 


For Fig. I] the remanent ductility in A is the true 
ductility, ), minus the residual plastic strain 1, — (6/a 
l,-z, from Equation 5. 

In equaticnal form, 


a 


Inspection of Figs. I and II makes it apparent that, 
for the conditions of both Figures, the application to 4 
of the additional tensile breaking load a(F — (b/a):¥ 
l,-s), as given in Equation 6, will cause an additional 
elongation in A of, 


452-s 


inch 
tion 
stres 
elon 


ficie 
only 


on 
mus 

that 

sile 
If 
cros 
71 
loa 
dot 
the 
bu 
the 
na 
pr 
lo 
ex 
to 

| 


Of course the general externally applied tensile load 
on the crossbars of Fig. I which is necessary to break A 
must be sufficient to separate the crossbars 


(9) 


D’ + S)e = 4 


Il 
| 
+) 
i~ 
To. 


b 
D’ + b (F—(S)q), OF 
Y 1+ 
| a a + (11) 
thatlis, to extend_the A member and both B members Ves 
Y-l,-2 S = 44 D! + 
(b/a) 
¥ 
inches. Evidently, depending upon the initial condi- 
tions, this extension of the B members may or may not (b/a) [F — (S),] 
Equa stress them above the tensile elastic limit £. This 1 44 
(b/a elongation of the B members first neutralizes the residual (b/a) } 
in B compression strain J, and then carries on to cause a ten- An investigation of the variation from unity of the 
sile strain. fraction 
If the general externally applied tensile load on the 
(2) crossbars of Fig. I which separates the crossbars suf- l ‘tagh 
ficiently to break A strains the B members elastically (bJ/a) * * 
sidual only, the stress change (— to +) in the & members is 1 : 
h (b/a) 
he A Y-z Di +. is enlightening. The factors = 1/(1+1,+1),). Since 
Y Equation 11 is based on elastic deformation of the B 
tress ; ; members the maximum value of /, for Y = 30,000,000 
ak. The author has treated this entire stress change (— to psi. and E = 30,000 psi. is about 0.001 in., a practically 
train +) as though it were all tensile as far as the required negligible distance. For a ductile steel just on the verge 
load on the crossbars is concerned; he is correct in so of tensile failure |, might be 0.25 in. Therefore, for all 
uting doing because (see Fig. I) increasing the separation ol practical purposes z may be considered as lying in the 
the crossbars /, inches unloads the B members entirely range of 0.8 to 1.0. The ratio (b/a) is practically limited 
but requires an external tension load on each crossbar to the range of 2.0 (see Equation 2) to infinity. There- 
9 sufficient to stretch A the distance (/, + J). Because fore a reasonable range of P 
+4 the original residual stress system was necessarily inter- 
nally balanced the /, part of this extension of A requires a 
holly precisely the same external cross-bar load that was first (b/a) © © 
locked up in the B members, namely, Y-/,-s. There- 
fore the author is correct in stating, in effect, that the 5 ' + I 
4 external load (general stress) on each crossbar necessary. ; ed 
to break A and stretch B is made up of two parts: is 0.8 to 1.0. Roughly, therefore, this fraction may be 
(1) That required to stretch elastically in tension both taken as 1.0. 
byt B members a distance of With this approximation Equation 11 reduces to § 
b F — (S), when D’ = 0. This means that when A is 
. F — --Y-h-2 unable to stretch plastically, either because it is of an 
inherently brittle material, or of a ductile material 
Y residually strained to the limit, the general tensile break- 
Sar) This part of the load is ing stress is essentially the actual ultimate tensile strength 
of the material minus the local residual tensile stress. 
| ; F — b Y-h-2 Equation 11 is valid for an elastic lengthening of the 
6 b-Y-z D! + a (10) B members of Fig. I a distance of 
thor (II) That required to break A less that required to are oe fp 
stretch A the distance /,. As stated in Equa- y 
: tion 6 this part is (see Equation 9). Keeping in mind that the first 
true : b .. lengthening of /, (which just relieves the residual com- 
pression stress) causes no tensile stress extensjon, it is 
. clear that the maximum value of D’ consistent with 
The sum of (I) and (II) must be the total load on each _ elastic straining of the B members is given by the equa- 
crossbar (i.e., the general stress on area (a + 6)) when A tion 
fails. This sum is: 
b F- } E 
b F — --Y-h-z + — lL, = 
whence, 
ynial b-Y¥-2-D' + (a+ b-2)( F ey ) F-z —E (12) 
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Therefore the general stress intensity to cause failure 

/ F — or | 

a 


Substituting this value of D’ in Equation 11, and re- 
ducing, 


+ 1 
a 
F 
— 
(13) 


The author correctly observes that when the B mem- 
bers stretch plastically the stress in them must lie be- 
tween & and F, and the general stress must vary from 


= rt. - to F. hen he makes up his Table I of as- 


sumed conditions; from it calculates and plots his Fig. 3 
showing Remanent Ductility versus Breaking Stress, 
and, finally, draws his conclusions. 

Corresponding equations of this discussion and the 
author’s paper have the same numbers, and are identical 
if the factor z be assigned the value unity. 

The equations D’ = 0, and S = 

(Per cent) 
the lower end of each curve of the author's Fig. 3, using 
F and (.S), values from Table I. 


The equations 
sf + — (F — 


O.0LY 


(Per cent) 


F- locate 


and 


way toward the more comprehensive analysis of the genera) 
problem of stress, strain and failure which, it is hoped, 
will be made some day. 


Reply by Dr. A. H. Cottrell 


Mr. Boardman’s useful discussion introduces greate; 
rigor into the calculations by taking into account th, 
fact—ignored in my treatment for reasons of simplicity 
that the unstrained lengths of the elements, A and B. 
of the assembly must differ from each other appreciably 
To allow for the effect of this, a factor z is introduced 
which modifies the equations, and which is of such , 
nature that the modified equations diverge from thy 
original ones as z diverges from unity. Mr. Boardma; 
gives evidence to show that it is reasonable to assuny 
z = | for a first approximation; thus a reduction of = t 
0.8 necessitates that /, should be as great as 0.25 in. per 
in. Actually, it is rather difficult to imagine a mecha. 
nism whereby the residual strain /, could be as great as 
this, and in most problems where local stresses are oj 
importance, comparatively brittle materials are in 
volved, so that /, will be much smaller and the approxi 
mation of zg = 1 will be very reasonable. 

I do not think that the (b/a) value of unity for curvy 
No. 4 is mathematically inconsistent with Equation 2, 
since the calculations used in the paper do not involve 
any restrictive assumptions on the magnitude of th 
quantity -’ in Equation 2. Moreover, the minimun 
condition given by Equation 2 concerns the smallest 
value of b/a for which the elements B will not be strained 


are convenient forms of Equations 
12 and 13 for locating the upper end B 


of the straight line portion of each 
curve of the author’s Fig. 3, using | 


the (.S),, F, E and b/a values from 
Table I. 

Incidentally, is not the (b/a) value 
of unity for Curve No. 4 inconsis- 
tent with Equation 2? 

The writer believes that the 
author's calculations and conclusions 
are correct, based on his original 
assumptions, including z = How- 
ever, these assumptions ignore mul- 
tiaxial stress conditions and struc- 
tural continuity, so the conclusions 
should be applied with caution and 


STRAIN wA 


STRESS +\™ 


judgment. In their application so- 
called ‘‘reaction stresses’’ are indis- 
tinguishable from externally applied 
load stresses. 

Especially intriguing is the deduc- 
tion that the breaking strength is 
little affected by residual stresses 
provided the material is capable of 
stretching 1% or more. Is this true 
of actual structures? If so, how 


+ STRAIN 
TRAIN 


Resiovaw Prastic 
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should it be applied to their design? 
How related are ductility and safety - F 
in service? 

We are much indebted to Dr. 
Cottrell for having pointed out and 
advanced some distance along the 
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plastically, whatever the value of (.S),; in cases where 
(S), happens to be less than F, it is possible for b/a to be 
smaller than F/’ without the elements B being strained 
plastically. ‘ 

It is unfortunate that the important questions which 
end Mr. Boardman’s discussion must remain unanswered ; 


before the theoretical deductions can be applied to prac- 
tical problems, it is essential that they should be tested 
by suitable experimental work. In this connection, | 
may say that we are conducting some experimental 
work with this end in view at Birmingham, and that the 
results should be forthcoming in the near future. 


The Ettect of Hammer Blows on Welds 


Containing Cracks and/or Inclusions 


By Elmer A. Ratzel' 


Synopsis 


The results of a test designed to determine qualitatively the effect 
of hammer blows on a welded specimen having a known (deliber- 
ately made) initial defect indicate that the value of the hammer 
test of welded pressure vessels to uncover defects is questionable. 


Specimen 


HE specimens’ were steel straps 5 ft. long with a 
gross cross section of | x '/2 in. 


by welding two 30-in. bars together. The 60 

* Report No. 1 to the Welding Research Council, June 20, 1945 

t Armour Research Foundation 

' These specimens were made by the Chicago Bridge and Iron Co. The 
steel] used had a designation of A.S.T.M.-A-70-42 O.H. SHRD. Fbx Pl 
The tensile strength was given as 58,570 psi., the yield point as 31,420 psi. and 
the elongation as 29.25% in 8 in 


They were made 


butt weld extended through only one-half the thickness 
of the bars; the bars were butted together the other half 
of the thickness. The gross cross section at the weld, 
therefore, was 1 x °/;, in. which included an unwelded 
section, 1 x '/, in. Each specimen thus prepared con- 
tained a very fine, artificial crack, perhaps the smallest 
that could be introduced by this method. Figure | 
shows microphotographs of the crack taken at 5 & and 
50 &X. 


Test Apparatus 
It was necessary to build the auxiliary loading head 


shown in Fig. 2 for the testing machine because of the 
length of the specimen. The loading head consists of a 


Fig. 1—Microphotographs of Cracks Set 
in Specimens by Welding V Butt Extend- 


] ing to Cent:r of Bar 


+ } 


50 


50 


Specimen Bl 
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base plate, four vertical tubular columns and the super- 
structure. The latter was a weldment of steel plates 
arranged to hold the wedge-shaped jaws which gripped 
one end of the specimen. The universal joints, one on 
each end of the specimen, assured practically axial load- 
ing. The top one can be seen just below the safety screen. 
The &8-lb. sledge hammer was pivoted near the end of 
the handle by pivot bearings fixed to the two columns as 
shown. This arrangement allowed the hammer to be 
dropped, with negligible bearing friction losses, from ap- 
proximately 40° above the horizontal (roof height). 


Test Procedure 


The specimen was adjusted in the testing machine 
grips until the top surface of the weld was directly op- 
posite the hammer head. A static load of 2000 Ib. was 
applied to set the grips firmly in position. . 

The surface perpendicular to the weld was etched with 
dilute acid to make the weld metal and the crack more 
easily observable. 

The general test procedure was to apply a static load, 
then allow the sledge hammer to fall from a given height 
and strike the top surface of the weld. The root of the 
weld was therefore subjected to a tension strain resulting 
from the static load plus the impact load. After each 
blow, the length of the crack was measured with a pair 
of dividers. 
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Table 1—Specimen No. 1 
Gross section at weld = 1 X 9/j¢ in. 

Area of weld = 1 X 5/,,in. = 0.3125 sq. in. 

Area of crack = 1 X !/,in. = 0.250 sq. in. 

Length of specimen = 5 ft. (weld in the middle of the specimen 
Weight of sledge hammer head = 8 lb. 


Hammer at 45°, height of fall = 10 in. 
Hammer at 90°, height of fall = 33 in. 
Hammer at roof (40° above horizontal), height of fall = 55 in 


Maximum energy of impact = 55in. X 8lb. = 440 in.-lb. 
Riehle hydraulic testing machine 


Blow Static Static Hammer 
No. Load, Lb. Stress, Psi. Position 
] 9,000 28,700 45° 
9 9,000 28,700 90° 
K 9,000 28,700 Roof 
4 9,000 28,700 Roof 
5 9,000 28,700 Roof 
6 9,000 28,700 Roof 
7 9,000 28,700 Roof 
8 9,000 28,700 Roof 
9 9,000 28,700 . Roof 
10 9,000 28,700 Roof 
11 9,000 28,700 Roof 
12 9,000 28,700 Roof 
13 9,000 28,700 Roof 
14 9,000 28,700 Roof 
15 9 000 28,700 Roof 
16 9 000 28,700 Roof 
17 9,000 28,700 Roof 
18 10,000 31,900 Roof 
19 10,000 31,900 Roof 
20 10,000 31,900 Roof 
21 10,000 31,900 Roof 
22 10,000 31,900 ‘Roof 
23 11,000 35,200 Roof 
24 11,000 35,200 Roof 
25 11,000 35,200 Roof 
26 12,000 38,400 Roof 
27 12,000 38,400 Roof 
28 12,000 38,400 Roof 
29 13,000 41,600 Roof 
30 13,000 41,600 Roof 
31 = 13,000 41,600 Roof 
32 14,000 44,700 Roof 
33 14,000 44,700 Roof 
34 14,000 44,700 Roof 
35 15,000 48,000 Roof 
36 15,000 48,000 Roof 

37 15,000 48,000 Specimen broke 


before impact 


The energy of the hammer blow was adjusted to pro- 
duced impact transients of the same magnitude ob- 
tained in previous tests.? Figure 3 illustrates the typical! 

2? Dohrenwend, C. O., ‘Hammer Test for Welded Pressure Vessels: An 


Investigation,’’ THe WrtpING JOURNAL, 22 (10), Research Suppl., 507-s to 
21-s (1943). 


EXPERIMENTAL 


h 


PLATE: 0.50" thick 


BEAM: 1" x 3" section S 
i Div.Vertical-Strain 0.0002 
1 Div.Horizontal-Time = 0.00045 sec. 
Fig. 3—Transverse Impact Transients 
SEPTEMBER 


whe 
x/h 


pt S1 


3 “ pa 
‘ 
Hat 
Fig. 2 Hat 
Ma 
Rie 
— | 
{ 
CALCULATED 
x re) - 


men 


BER 


Specimen 1 


‘strain-time”’ transverse impact transients which occur 
when a hammer blow is applied to a plate.* (The term 
x/h = O refers to the strain being measured directly op- 
posite the point of impact.) 


Results of the Test 


Three specimens were tested. The first two were sub- 


Specimen 2 


Fig. 4 


Specimen 3 


Table 3—Specimen No. 3 


Gross section at weld = & in 

Area of weld = 1'/y¢ K °/:g in. = 0.332 sq. in 

Area of crack = 1'/i¢ K '/,in. = 0.265 sq. in. 

Length of specimen = 5 ft. (weld in the middle of the specimen 
Weight of sledge hammer head = 8 lb. 

Hammer at 45°, height of fall = 10 in. 

Hammer at 90°, height of fall = 33 in. 


Hammer at roof (40° above horizontal), height of fall = 55 i 


- Maximum energy of impact = 55in. SII 140 in.-Ib 
jected to an initial static stress near the yield point of Riehle hydraulic 
Dohrenwend, C. O., Drucker, D. C., and Moore, Paul, taken from “‘Trans- 
erse lransients,’’ Proc. S for Raporimentel ‘Stve aly oie, 1 Blow Static mtatic 
1-10 (1943). No. Load, Lb. Stress, Psi. Hammer Position 
1 6,000 18,000 Roof 
= 2 6,000 18,000 Roof 
: 3 6,000 18,000 Roof 
Table 2--Specimen No. 2 4 6,000 18,000 Roof 
Gross section at weld = 1!'/s XK %/j¢ in. 5 6,000 18,000 Roof 
Area of weld = 1'/s §/y, in. = 0.352 sq. in. 6 6,000 18,000 2o0o0f 
Area of crack = 1!/, XK !/,in. = 0.282 sq. in. 7 6,000 18,000 Roof 
Length of specimen = 5 ft. (weld in the middle of the specimen 8 6,000 18,000 Roof 
Weight of sledge hammer head = 8 lb. 9 6,000 18,000 Roof 
Hammer at 45°, height of fall = 10 in. 10 6,000 18,000 Roof 
Hammer at 90°, height of fall = 33 in. 11 6,000 18,000 Roof 
Hammer at roof (40° above horizontal), height of fall = 55 in. 12 6,000 18,000 Roof 
Maximum energy of impact = 55in. XK 8 Ib. = 440 in.-lb. 13 6,000 18,000 Roof 
Riehle hydraulic testing machine 14 6,000 18,000 Roof 
15 6,000 18,000 Roof 
Blow Static Static Hammer 16 €& 000 18.000 Roof 
No. Load, Lb. Stress, Psi. Position 17 6.01 1) 18.01 ") Roof 
1 10,000 28,500 Roof 18 6,000 18,000 Roof 
2 10,000 28,500 Roof 19 6,000 18,000 Roof 
3 10,000 28,500 Roof 20 6,000 18,000 Roof 
4 10,000 28,500 Roof 21 to 31 6,000 18,000 Roof 
5 10,000 28,500 Roof 32 to 41 6,006 18,000 Roof 
6 10,000 28,500 Roof 42 to 51 7,000 21,100 Roof 
7 10,000 28,500 Roof 52 to 61 7,000 21,100 Roof 
8 10,000 28,500 Roof 62 to 71 8,000 24,100 Roof 
9 10,000 28,500 Roof 72 to 81 9,000 27,100 Roof 
10 10,000 28,500 Roof 82 to 91 10,000 30,100 Roof (specimen broke on 
11 ‘ 10,000 28,500 Roof 91st blow 
12 10,000 28,500 Roof 
13 10,000 28,500 Roof 
14 10,000 28,500 Roof 
16 10,000 28,500 Roof the material (28,000 psi.) the third was Statically stressed 
17 10,000 28,500 Roof to 18,000 psi. at the beginning of the test. 
9 10/000 my Rack Tables 1-3 show the results of the tests in tabular form. 
Phe first column gives the number of hammer blows ap- 
21 11.000 31.400 Roof plied. The second and third columns give the static load 
22 11,000 31,400 Roof (Ib.) applied by the testing machine and the static stress 
23 a rye a (psi.) computed from the area of the weld, respectively. 
os 12'000 34300 Roof The fourth column gives the position of the hammer 
26 12,000 34,300 Roof relatiy e to the specimen. ; 
27 13,000 37,100 Roof The crack did not show any measurable increase in 
= 13,000 37,100 Roof length during any test, although the stress in the region 
on 13,000 37,100 Roof of the weld was above the yield point for the higher 
31 14,000 40,000 Specimen broke oads on Specimens 1 and 2. All specimens necked 
before impact slightly between the edge of the crack and the top surface 
oof the weld. Final failure of Specimens | and 2 occurred 
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from static loading, before another hammer blow could be 
given. 

Figure 4 shows the typical weld failures obtained for 
the testing conditions. The first two specimens failed 
in a ductile manner along a surface in the weld metal; 
the third which broke from impact showed slightly less 
ductility. 


Discussion of Results 


The transverse impact transients caused by a hammer 
blow on a welded pressure vessel were studied extensively 
and the results reported previously. It was found later 
that these transients conform to theoretical analyses.* 


4 Op. cit. (2, 3) 


The Kelvin Double Bridge for 
Measuring Surface Resistance 
of Aluminum Alloys’ 


HE apparatus consists of two basic parts, namely, 

a Press and the Bridge. The press shown in the 

sketch is 28 in. high overall and is constructed of 
cold-rolled rod and l-in. plate. The top and bottom 
plates are fastened rigidly to the rods which must be 
carefully machined and aligned. The two center plates 
must slide on the shafts without any side play. The 
electrodes are preferably made from regular welding tips 
with a 4 in. radius of curvature. The pressure is pro- 
vided by a heavy coil spring is calibrated for 1000 Ib. 
total pressure. 

The Bridge should be wired with No. 10 B & S copper 
for the portion of the circuit shown in heavy lines and 
50 A. flexible cable is used for connecting the bridge and 
battery to the electrodes. Smaller wire may be used for 
the rest of the circuit. 

In operation, two aluminum coupons are clamped be- 
tween the electrodes (just as when preparing shear test 
specimens) and the pressure raised by the hydraulic jack 
to 1000 Ib. The alligator clips (attached by ordinary 


* From information supplied by Frederick Gumm Chemical Co., Inc., 
Kearny, N. J., manufacturers of Clepo Tetra-Dip materials, cleaner, etc 
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Fig. 1—Kelvin Double Bridge for Measuring Surface Resistance 


Note: 2 aluminum coupons clamped between electrodes con- 
stitute Ry. Alligator clips are fastened to coupons and connect Rx 
to the bridge circuit. 


It was concluded from these previous studies that th, 
hammer test of a strap with a known weld defect ing 
cates, in the same order of magnitude, the effect of hay 
mer blows on a defective weld in a pressure vessel, eye, 
though the uniaxial stress condition in the strap js ;; 
contrast to the biaxial stress condition in the shell. 

The defect deliberately produced in the test specimen 
has a large stress-raising effect and is therefore consider 
a serious defect. It appeared extremely unlikely that 
similar defect at any other position in the weld wow! 
present a more severe condition. Nevertheless, a lar; 
number of blows was necessary to cause failure of the tey 
specimen. The value of the hammer test in revealing th 
weld defect discussed here, or those of lesser magnituc 
therefore seems questionable. 
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Fig. 2—Press for Clamping Coupons 


lamp cord to the bridge) are fastened to each coupon 
To avoid reversed polarity the clips should be marked 
“upper” and “‘lower.’’ The galvanometer switch should 
be in the ‘“‘down”’ position (see circuit). The maw 
switch, S,, is pressed for an instant and the galvanomete: 
will deflect violently. Immediately change the gal 
vanometer switch to the “up” position and the damping 
resistance, Rg, rapidly returns the indicating beam to 11 
rest position. Itis well to keep R, across the galvanometer 
at all times except when actually making readings 
When the switch is depressed a current of 50-75 amp 
flows through the external circuit (heavy line) but ver) 
little flows through the measuring circuit due to its high 
resistance. The decade resistances are adjusted unt 
the galvanometer no longer shows any deflection when 
the key is depressed. When the D.P.D.T. switch cor 
nects the 100-ohm fixed resistances in the bridge th« 
decade box reading gives direct values in microhms 
When the 1000-ohm fixed resistances are used divic 
readings by ten. 


Materials for Bridge 


Rs—500-amp. 50-mv. Weston shunt (100 microhm resistance) 
R, and R.--Two type 510 C decade resistances 10 ohm steps to 
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100 (in tandem) Two type 510 D decade resistances 
100 ohm steps to 1000 (in tandem) 

R, and Rg—Two type 50 D fixed resistance units 100 ohm. Two 
type 500 H fixed resistance units 1000 ohm 


Nots: Re, Rb, Re, Rd: are obtainable from General Radio Co., Cambridge 
Mass 
Table type galvanometer, Rubicon Co., Philadelphia, Pa., Cat. 
No. 3417. Sensitivity 0.0044 /amp. per mm. Resistance = 
58ohms. Period = 5.0sec. Crit. damp. resist. = 850 ohms 
R, ~850-ohm resistor, Rubicon Co., to match galvanometer. Two 
D.P.D.T. knife-edge switches (small) 
4-—100-amp. d.-c. ammeter; any inexpensive one will do 
¢)—Auto-started switch with knob for manual control 
Carbon pile rheostat—16 2- x 2- x '/;-in. carbon plates in stack 
with screw adjustment 


Fig. 3—Basic 
Circuit 
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—FLASH WELDING BOO K— 


Beginning with the August issue and continu- let and will be available about Nov. 15th. 
ing in the September and October issues there Orders may be placed now and up to Nov. Ist. 


will be published a translation of the most com- 
prehensive book yet available on Flash Welding. 
The book will be reprinted as a separate pamph- 


Price $1.00. A limited edition will be printed. 
Fulfillment of orders placed after Nov. lst not 
guaranteed. 


| AMERICAN WELDING SOCIETY 
| 33 W. 39th St., New York City 


Production Technique and Quality of 
Flash-Welded Joints 


By Dr. Hans Kilger' 


The first part of this book was published in the velopment. This book was translated by S. L. Hoyt, 


August issue of the Welding Research Supplement. 
There follows the second part. The third and last 
part will appear in the Oct. issue. Translation of Fer- 
tigungstechnik und GuteAbbrenngeschweisster 
Verbindungen; final report on NDRC Research Pro- 
ject NRC-13, OEMsr-451. Published with the - per- 
mission of the Office of Scientific Research and De- 


N. Baklanoff and R. W. Bennett in the course of work 
done for the National Defense Research Committee by 
Battelle Memorial Institute under an OSRD contract 
under the direction of the War Metallurgy Committee. 


+ Published by Friedrich Vieweg and Sohn, Braun- 
schweig. 
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Tensile Strength and Hardness 


Wrought steels, which are finished between Ar, and 
Ar, recrystallize when annealed below Aj, usually with 
some loss in the yield point and tensile strength. How- 
ever, wrought steel which is normalized after cooling 
may also become softer by annealing below A;. If the 
final rolling temperature was substantially above A3, sub- 
sequent annealing can only improve the strength values. 
which is connected with grain refining. 

During the tensile test, the cylindrical tensile specimen 
of wrought steel necks down on both sides of the weld 
until fracture occurs in one of these constrictions. The 
original diameter of the joint itself decreases the least. 
Only seldom does failure occur at the weld line, in which 
cases pronounced weld defects must be present. 

A series of tensile tests were made to investigate the 
influence of various welding factors on the behavior of 
the joint and to determine any correlations that might 
be present. The first specimens investigated were cylin- 
drical bars with a 270 mm. (11 in.) gage length with the 
weld at the center. The other specimen dimensions, the 
welding data and the results of these tests are given in 
Table 5. Unfortunately, in the investigation of Materials 
A to C, the distance of the fracture from the weld line, re 
lated to the elongation marks on the untested bar, was 
not determined. The need for this became apparent 
upon evaluating the results and later in the investigation 
was taken into account in the tensile tests on (Material) 
M. In order to bring out the special features, the rela- 
tion is given between the average values of the yield 
point and tensile strength in each series and the corre- 
sponding values for the unwelded material. 

Disregarding the water-quenched joints, the yield 
point of Steels A/B, which also holds for C, is lower than 
that of the unwelding material, while the tensile strength 
was about the same. For Steel M no change in yield 
point could be detected, although the tensile strength 
shows a tendency to be somewhat higher than that of the 
unwelded material. A small softening effect can be de- 
tected only for Materials A to C. For all steels the duc- 
tility, as given by the reduction of area, increased in 
every instance. Differences are due more to the behavior 
of the material than to the effect of the welding process. 
This also held for the locations of the fractures which are 
in close agreement for the different materials. In Speci- 
mens A to C the fractures came 50 to 55 mm. (1.97 to 2.17 
in.) from the weld line, while in Material M they were 93 
to 103 mm. (3.66 to4.06in.) away, the greater distance very 
likely being due to the longer welding times. As com- 
pared to the reduction of area of the unwelded material 
of 60 to 70%, that of the weld of 6 to 7% is very small. 
This low deformation of the weld may be considered as an 
effective protection against fracture of the zones adja- 
cent to the weld line. In cases where the fracture occurs 
at greater distances from the weld line it is improbable 
that the location of the fracture is inuflenced by the con- 
dition of the weld. It is obvious that no direct relation 
exists between the transformation zone and location of 
failure. Since the dimensions of the tensile specimens re- 
mained unchanged and, therefore, had no influence on 
the test, it was necessary to assume that other factors 
were the cause for the peculiar behavior of the joint. 
This situation led to further tests. 

The tests were continued with the object of obtaining 
more data on the strength of the weld. To this end, the 
cross section of the weld of the test specimen was weak- 
ened in order to cause failure in the weld zone. By means 
of smooth transitions and generous radii, falsification 
of the results by the notch effect were largely avoided. 
The shape of the test specimen and the results of the ten- 
sile tests are given in Table 6. The test specimens were 
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made from welded bars 30 mm. (1.18 in.) in diameter. 
All of the specimens broke in the weld and the Strength 
of 39.6 to 40.7 kg./mm.? (56,200 to 57,800 psi.) is only 
slightly higher than that of the unwelded material. Afte, 
subtracting the slight overvaluation caused by the shapg 
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Fig. 34—Plot of Data from Table 7 for the Strength of Welded 
Notched Tension Bars 
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of the specimen, the small positive difference in tensile 
strength of the weld gives extra protection to the 
unweakened joint against weld failures. 

In similar tests of joints in Material M, it was desired 
to follow the variation in strength from the weld line 
to the unaffected material. To fix the location of the 
fracture with certainty, the radius of the reduced section 
was decreased so that all the fractures would occur in the 
notch, especially in the water-quenched specimens. Pre- 
liminary tests were made to determine a suitable design 
fora test specimen. Table 7 shows the specimen selected 
and the results of the tension tests. The original diam- 
eter at the notch was about 20 mm. (0.79 in.), and was 
later decreased to 18.5 mm. (0.73 in.) because some of the 
fractures still occurred outside of the notch. Before each 
test the distance from the weld line to the center of the 
notch was determined by etching the specimen. 

The breaking strength of the unwelded material attains 
a value of about 59.5 kg./mm.? (84,500 psi.) at the notch 
on account of transverse stresses. This is much higher 
than its (normal unnotched) tensile strength. Figure 34 
shows the variation of the strength of the notched sec- 
tion, with the distance from the weld line. The weld is 
about 5°% stronger than the unwelded material. The 
data of specimens welded with Tap 8 are somewhat scat- 
tered. However, they maintain about the same average 
value as the weld up to about 10 mm. (0.39 in.) from the 
weld line, and then fall rapidly to that of the unwelded 
material. The breaking strength of the weld line of speci- 
mens welded on Tap 5 is slightly lower, although it is 
still higher than the unwelded material. It follows a 
smooth curve reaching the maximum at about 5 mm. 
(.20 in.) from the weld line. Therefore, on each side of 
the weld line there is a zone of increased strength. A cor- 
relation with the fine-grained zones seems indicated only 
in that the maximum strengths fall toward the weld side. 

The results of the tests on water-quenched joints are 
also given in Tables 5-7. With the round tensile speci- 
mens, the fractures occurred at definite distances from 
the weld line, which, in each instance, clearly showed the 
influence of the welding time. The observations with 
the air-cooled joints showed no evidence of a direct rela- 
tion between the heat-affected zone and the location of 
the fracture. The shift in the fracture away from the 
weld line with increase in the welding time apparently 
shows that the characteristic behavior of the welded 
tensile specimen is caused by an increase in the resistance 
to sip. This increase is caused by quenching, and its 
effect extends beyond the recrystallized zone, which is 
shown by the location of the fracture in the tensile test. 

In the shallow notched water-quenched tests, specimen 
failure occurs in the unreduced section, as shown in Table 
6. From this it may be concluded that the strength of 
the weld is about 14% higher than that of the unwelded 
material. One of the test specimens broke in the weld: 
this was due to a welding defect which covered more than 
10% of the cross-sectional area. Based on the initial 
cross section this weld still had a strength of 37.6 kg./ 
mm.* (53,400 psi.), which is almost up to the tensile 
Strength of the unwelded material. 

There is a pronounced increase in breaking strength of 
the water-quenched, deep-notched welded test specimens 
in Type M material, as shown in Table 7. Figure 34 
shows that the curve for the strength at different positions 
lor the water-quenched specimens is similar to that for 
air-cooled specimens. However, the maximum values 
lie about 60% above that of the unwelded material. Again 
the weld is supported on each side by a zone of higher 
strength. For the joints welded using transformer Tap §, 
the maximum strength occurs about 2 mm. (0.08 in.) 
'rom the weld line, while in joints welded using Tap 5 it is 
located about 6 mm. (0.24 in.) from the weld line. 
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Since there was not a sufficient amount of Material A- 
C available for this phase of the investigation, another 
test method had to be tried to show the changes in prop- 
erties of the material at the weld zone. The Brinell 
hardness test was chosen. Since Brinelf hardness and 
tensile strength are correlated with each other, variations 
in tensile properties will be detected by the Brinell test. 
To be sure, the conversion factor, which is 0.34 (T.S. in 
kg. per sq. mm. + B.H. No.) for the unwelded material, 
is influenced by the structure. The hardness test was 
made on the five welded joints, given in Table 4, which 
had previously been used for the metallographic survey. 
The results of the hardness test shown in Fig. 35 were 
made using a 2.5-mm. (0.10-in.) diameter ball with a 
load of 87.5 kg. (193 Ib.). 

The unwelded material had a Brinell hardness of 110 
to 115. The hardness of Specimen AQ, having a welding 
time of 10 sec., started to increase at a distance of 25 to 
30 mm. (0.98 to 1.18 in.) from the weld line. At a dis 
tance of 5 mm. (0.20 in.) from the weld line, the initial 
hardness of the material of 111 Brinell had increased 2 
units. The hardness at the weld line reached 125 Brinell. 
Consequently, increased hardness is limited to the region 
up to 10 mm. (0.39 in.) from the weld line which agrees, 
to a certain extent, with the structure. 

In Specimen 12, with a welding time of 40 sec., the 
noticeable increase in hardness begins with the recrystal- 
lized zone at about the same level, or between 14 and 16 
mm. (0.55 and 0.63 in.) from the weld line. The hard- 
ness increases uniformly toward the weld line to a hard- 
ness of 136 Brinell, which is 20°) higher than the un- 
welded material. The hardness variation followed the 
expected curve, since an increase of hardness should be 
expected with a decrease in grain size without, however, a 
sharp change of direction as with the change in grain size. 
While it is true that immediately adjacent to the weld 
line there is a considerable increase in grain size, the 
basic changes in the structure oppose any decrease in 
hardness. Consequently, the hardness curve increases 
continuously to the weld line. 

A similar condition is found in Test Specimen 33, 
welded in 77 sec. A noticeable increase in hardness be- 
gins about 16 mm. (0.63 in.) from the weld and reaches 
131 Brinell at the weld line. A correlation between struc- 
ture and hardness could also be seen in this test. It 
should be noted that the drop in hardness on both sides 
of the weld line at about 10 mm.( 0.39 in.) is interrupted 
by a slight increase in hardness. 

In the water-quenched Specimens 22 and 41, the 
hardness values are considerably higher and the irregular 
drop in hardness (previously observed in Specimen 33) is 
more marked than would be expected. The hardness in 
the weld line is 90°7 higher than in the unwelded material 
On both sides of the weld line there is an abrupt drop in 
hardness which subsequently increases to about 60 to 
70% above that of the unwelded material. In the speci- 
men with a short welding time, the hardness reaches the 
initial value at about 19 mm. (0.75 in.) from the weld 
line, but in Specimen 41, having a longer welding time, 
not until about 35 to 40 mm. (1.38 to 1.57 in.). The 
contours of the two hardness curves are correspondingly 
different. 

The formation of martensite in the water-quenched 
specimen, Fig. 31, makes the exceptionally high hardness 
in the weld line understandable. The variation of hard- 
ness in the region which was quenched from a low tem- 
perature cannot be explained by the structure. Since 
there is no basis to assume that this zone has absorbed 
an excessive amount of nitrogen, which, if present should 
have been found in the examination of the structure, and 
no other causes could be adduced, it is thought that the 
second increase in hardness must be caused by precipita- 
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undergoing a similar heat treatment 

This information seems to justify 
the explanation of the behavior oi 
1" oi welded joints in mild steel under 
tensile loading according to the test 


Fig. 36—Hardness Survey for Water-Quenched Joints of Steels E and F 


tion hardening. This assumption is more likely since, 
with the carbon content of the material used, the steel 
composition favors this kind of transformation Whether 
the phosphorus and nitrogen, which are sometimes pres- 
ent in relatively large amounts, and the carbon have con- 
tributed, remains an open question. The conditions are 
also difficult to understand because it is questionable 
whether the rapid heating brings all parts of the specimen 
to a structural equilibrium corresponding to the temper- 
ature reaching prior to quenching. The fact that the 
quenching temperature has a decisive influence on the 
hardness variation may be seen in the hardness curves of 
Specimens 22 and 41. Consequently, it is advisable to 
look for a regular relation between the welding time as 
summarizing facter for the welding conditions and the 
location of the second hardness maximum, for the other 
factor. By testing four additional joints of Materials E 
and F it was possible to confirm this speculation. Ac- 
cording to Fig. 36 the distance of maximum hardness 
from the weld line increases with the welding time. When 
the distances are plotted against the corresponding weld- 
ing times, a linear relation could be established for weld- 
ing times up to about 50 sec., as shown in Fig 37. Be- 
yond this limit the weld-line distances lag further and’fur- 
ther behind the welding time. This is caused by heat ab- 
sorption of the clamps whose influence increases as the 
critical temperature region approaches them. 

In comparing the hardness values it is noticeable that 
in joints 22 and 41, the hardness after the first drop in- 
creases to about the same hardness as the weld line, 
while the four welds in Fig. 36, show greater differences. 
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results of the extended investiga 
tions of W. Késter on the “‘Influ- 
ence of a Heat Treatment Below A 
on the Properties of Structural 
Steel.”’ According to the hardness and tensil 
strength change in the same direction with quenching 
temperatures below 700° C. (1290° F.), while the elonga 
tion and reduction of area decrease with increasing 
quenching temperature. It is noteworthy that the yield 
point also decreases at first and does not parallel th 
tensile strength until higher quenching temperatures ar 
reached. At temperatures of 600° C. (1110° F.) and up, 
the yield point becomes higher than that of the una! 
fected material. The lowest yield point is to be expected 
between 300 and 400° C. (570 and 750° F.). 

By application of the above results to conditions pres 
ent in flash welding there must be a zone of lower yield 
strength, according to Fig. 38, at a distance between 3!) 
and 55 mm. (1.42 and 2.17 in.) in joints welded using 
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Fig. 37—-Location of the Maximum Precipitation Hardness 
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Yieid Point and Tensile Strength of Quenched Mild Stee 
Specimens vs. Heating Temperature According to Késter 
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Fig. 38-- Softened Zone and Fracture Location of Welded and Quenched Specimens 


Tap 8, and between 49 and 73 mm. (1.93 and 3.47 in.) in 
joints welded using Tap 5. In Fig. 39, this relation is not 
as clear for the air-cooled specimens. Even here, how- 
ever, there must be regions of lower hardness on both 
sides of the weld line. This conclusion is confirmed by the 
definite necking on each side of the joint during tension 
tests; also the yield point of the Materials A—C is lower 
than that of the unaffected material as shown in Table 5. 
That the differences are smaller than one would expect, 
according to Késter, may be explained by the stress dis- 
tribution in the welded, heterogeneous tensile specimens. 
The higher resistance to deformation from section to 
section sets up transverse stresses and prevents deforma- 
tion at the place where the yield point has first been ex- 
ceeded. 

The reduction in area or necking which is restricted to 
specific sections must result in failure in one of the two 
deformation zones on both sides of the weld line, as the 
tension test continues. Since the tensile strength drops 
to a minimum value after quenching from about 300° C. 
(570° F.), the fracture, according to Fig. 38, should occur 
at the edge of the deformation zone farther away from 
the weld. For air-cooled joints, a failure may occur on 
either side of the deformation zone. How sensitive the 
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tensile test is to a variation in the degree of precipitation 
hardening or to the resistance to slippage related thereto, 
may be seen by the fact that, in spite of very small 
strength variations for different heating temperatures, 
the fractures of air-cooled specimens check fairly well in 
parallel tests. 

In this connection reference is made to the results of 
tensile tests on welded low-carbon mild steel published 
by Bock as early as 1925. The unwelded material in 
the annealed condition had a yield point of 28.2 kg./mm.? 
(40,100 psi.); while the yield point of the welded test bars 
ranged between 26.1 and 27.1 kg./mm.’ (37,000 and 
38,500 psi.), or lower in every case. The ultimate tensile 
strength of the welded test specimens, between 36.7 to 
38.2 kg./mm.? (52,100 to 54,200 psi.), was higher than 
that of the annealed stock (36.6 kg./mm.*—52,000 psi.). 
The elongation and reduction of area agree with the data 
of Koster, except for one specimen. It is obvious that 
such an agreement is not accidental. 

Since the location and extent of the heat-affected zone 
depend upon the welding conditions, the various phases 
of the welding cycle during fabrication of the joint have a 
definite influence on the tensile behavior of the welded 
specimens. The practical significance of this information 
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is that the location of the fracture may be explained and 
predetermined. 

Since the Brinell test is popular for determining the 
approximate tensile strength without waste of time and 
with little effort, this method was investigated to deter- 
mine whether it was applicable to flash-welded joints. 
From the available data, a conversion factor was deter- 
mined for each distance from the weld line. Figure 40 
shows the correction factor curve for the conditions with 
Material M. As the weld line is approached the conver- 
sion factor decreases from 0.54 to 0.95 XK 0.54 = 0.525 at 
the welds. Therefore, the influence of the weld is not 
significant. 


Results of Previous Investigations 

It is only recently that welded joints have been inves- 
tigated as well as other methods of fabrication. 
investigations, fusion-welding processes were given pri- 
mary consideration. In only very few cases were flash- 
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Fig. 40—Correction of the Conversion Factor for Tensile 
Strength and Hardness for the Weld and Heat-Affected Zones 
of Flash-Welded Joints of Material M 


welded joints investigated and then they were included 
only for comparison purposes. This also explains why 
the only available data deal with high-quality, special 
steels, whereas the major field of flash welding includes 
the mild steels with little alloy additions which are widely 
used in machine construction. There are also no data 
given covering the flash-welding schedules used during 
the preparation of the joints. However, the results per- 
mit drawing some general conclusions regarding the be- 
havior of flash-welded joints. 

First, it is generally agreed that flash welding gives 
considerably better results than the other welding proc- 
esses. Thornton attributes this to the fact that the 
weld is relatively free of porosity and oxide inclusions. 
For the decrease in the fatigue strength of the joint as 
compared with the unaffected material, he gives three 
reasons: slag and oxide inclusions, variation in grain size 
and variation in hardness. The most important reason 
he considers to be the slag and oxide inclusions. He re- 
marks, however, that the presence of small gas pockets is 
not as harmful as is generally considered, if they cause 
no material weakening of the joint. The second and 
third factors affecting the strength may be eliminated by 
means of heat treatment. This would also relieve any 
stresses set up from welding, which are frequently fairly 
high and affect the actual stressing of the welded speci- 
mens. Thornton found the endurance limit of flasb- 
welded steel of boiler plate quality to be 17.6 kg./mm.* 
(25,000 psi.), which reached only 67% of the endurance 
limit of the unwelded stock He surmises that after heat 
treatment, it is possible to obtain the strength of the 
unwelded material by equalization of hardness and grain 
size. All of his specimens were highly polished and ma- 
chined in such a way that the fracture was forced to occur 


466-s 


In these 


WELDING RESEARCH SUPPLEMENT 


in the weld line because of the smaller Cross-section,| 
area. 

In 1931 Johnson published a report on the fatigue 
strength of welded specimens. He compares the infly. 
ence of flash welding with a corresponding heat treatment 
of a test specimen of the same material and draws th» 
conclusion that the flash-welding process should giy, 
more favorable results than any of the other welding 
methods. This conclusion is confirmed both by his own 
investigations and by Thornton’s. Johnson found that 
the endurance limit of welded joints does not correspond 
to the relation that holds between the endurance limit 
and the tensile strength for unwelded specimens. There- 
fore, the tensile test does not give a reliable index for the 
strengths of welded joints under alternating stress. He 
attributes this behavior to the influence of surface jr. 
regularities, defects in the joint and oxide inclusions, 
These lower the endurance limit by an amount which js 
dependent upon their location and magnitude. There 
fore, fatigue tests are essential in order to obtain data 
for the production of safe joints. These tests show up 
weaknesses which are not disclosed by other test meth 
ods. Johnson agrees with Thornton that the flexural! 
endurance limit of resistance-welded joints in chromium 
molybdenum steel tubes (0.34 carbon, 0.51 manganese, 
0.96 chromium, 0.23 molybdenum) attains 57 to 59°; of 
the strength of the starting material. This is consider 
ably higher than the endurance limit of gas-welded joints 
Johnson also reports that the flash-welded test bars con 
tained slag inclusions below the surface which were .0t 
eliminated by machining. By heating the specimens at 
510° C. (950° F.), without influencing the microstructure, 
the strength (endurance limit) could be raised from 11). 
to 22.5 kg./mm.? (24,000 to 32,000 psi.). This would cor 
respond to 76% of the strength (endurance limit) of the 
unwelded material. The idea expressed by Thornton 
that the strength of the welded specimens could be 
raised to 100°, of that of the unwelded material by 
means of heat treatment, he says, “does not always 
hold.’’ Consequently, Johnson leaves this possibility 
open. 

According to Bock, the endurance limit of flash 
welded St 37 is only 60% of that of the unwelded ma 
terial. The investigations were made on a Schenck flex 
ural fatigue-testing machine. However, details are lack 
ing on both the size of the specimens and the welding 
procedure. 


The Author's Fatigue Tests 


Testing Procedure.—The joints were to be tested on a 
rotary-beam fatigue-testing machine. This method ol 
determining the endurance limit according to Wohiler 
is universally recognized. This test requires several spect 
mens. In spite of uniform conditions, the results of the 
individual tests are scattered because of factors which es 
caped detection, and consequently had to be accepted 
The accuracy of the test data increases with the number 
of tests made. In this investigation, normal scattering 
of the data was increased because with the manually 
operated welding machine it is impossible to make all 
welds identical. Wohler’s method, therefore requires « 
large number of test specimens. For this reason, a test 
method is preferred which permits a simplification though 
at a sacrifice in precision. The procedure used followed 
the ‘“‘Directions for the Determination of the Rotary 
Bending-Fatigue Strength’ of the Material Testing 
Laboratory of the Braunschweig Institute of Technology. 
At the beginning of the test, the load applied to eacli 
specimen is below the expected endurance limit. After 
each 2,000,000 cycles the load is increased by | kg./mm. 
(1400 psi.) until fracture occurs. The maximum load 
which withstood 2,000,000 cycles is taken as the endur- 
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Fig. 41—-Rotating-Beam Fatigue Testing Machine for 30-Mm. 
(1.18-In.) Round Bars 


ance limit. When fracture occurs, the loading increment 
is interpolated in proportion to the number of cycles. 
From the load which caused the specimen to fail, the full 
increment is substracted if the specimen withstood less 
than 100,000 cycles; 75°% if between 100,000 and 300,000 
cycles; 50% if between 300,000 and 1,000,000 cycles; 
and 25% if between 1,000,000 and 2,000,000 cycles. It 
is recommended that the test be made, if possible, in such 
a manner that failure occurs during the third step. This 
makes it possible to determine the approximate endur- 
ance limit of each specimen and has the advantage that 
the testing time may be materially reduced. However, 
what is determined is not ¢, = © but o, = 2 XK 10%, a 
value which, according to Féppl, is about 20°, higher 
than the endurance limit for an infinite number of cycles. 
This method, nevertheless, gives useful comparative data 
and has been frequently used in similar investigations. 
The gradual increase of the applied load may easily 
result in “‘understressing,’’ a strengthening phenomenon 
which can raise the endurance limit of the specimen con- 
siderably. With the mild carbon steels, increases have 
been observed up to 30°. This strengthening occurs 
when the graded stressing is very close to the endurance 
limit and is favored by increase in the number of stress 
cycles. During the evaluation of the test results, this 
increase in strength should be taken into consideration, 
as it is a source of error. However, the results of the in- 
vestigation show that this error did not cause any dis- 
advantageous effects. In order to avoid all uncertainty, 
a smaller load increment of about 0.3 to 0.5 kg./mm.* 


(400 to 700 psi.) would be recommended and the number 
of cycles increased from 2 X 10° to 5 X 10° so that the 
strength or ‘“‘understressed’’ specimens would be ob 
tained. Also the reversed procedure could have been 
used. 

Testing Equipment.— is clear that the correct relation 
between production technique and the quality of the 
welded joint requires that the joint and the welded test 
specimen be of about the same cross section. For this 
reason the standard Schenck fatigue-testing machine 
was rejected. A special testing machine capable of hand 
ling 31 mm. (1.22 in.) diameter test specimens was built. 
This machine 1s shown in Fig. 41—43. 

The test specimen rests in two end bearings whose 
housings were welded to the machine frame 600 mm. 
(23.62 in.) apart. The bending load is applied to the 
middle of the specimen. The applied load is varied by a 
changeable weight which acts through a lever system 
with a ratio of 5.9 to | on the center bearing. The weight 
of the load transmission members themselves exerts a 
bending force of 78 kg. (171 lb.) on the test specimen. 
Differing from standard designs, the loading bridge, as 
viewed from the top, is perpendicular to the axis of the 
test specimen. The test specimen is driven on one end 
by a d.-c. motor at 1850 rpm. A cycle counter is con- 
nected to the free end with a reduction ratio of | to 250. 

The fatigue specimen is secured in both end bearings 
by two sets of three (pressure) screws each, spaced at 
120°, as shown in Fig. 44. The pendulum ball bearings 
are movable axially so that forces applied in the direc 
tion of the axis of the test specimen cannot be trans 
mitted. In the middle bearing, the test specimen is 
engaged by two clamps 16 mm. (0.65 in.) wide having an 
external cone as shown 1n Fig. 45. The inner race of the 
ball bearing rests on an intermediate piece with an in 
ternal cone, as shown in Fig. 45, which is drawn over 
the clamps by means of a pressure screw so that the 
clamping jaws are firmly pressed against the specimen. 
In order to distribute the clamping forces uniformly over 
the length of the bearing an intermediate layer of hard 
paper was used. This paper also protects the surface of 
the test specimen from damage during installation in the 
machine. It is also possible, by using paper of different 
thicknesses, to test fatigue specimens of various diame- 
ters without changing other parts of the machine. Ex 
perience obtained from other investigations has shown 
that the hard paper layers stand up best in this service. 

During installation of the fatigue specimen, the middle 
and end bearings are first placed on, after which the 
assembly is put into the test machine. After connecting 


> Figs. 42 and 43—Top and Side View of the Fatigue Testing Machine 
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Fig. 44—-Method for Clamping the Fatigue Specimen in the End 
Bearing on the Driven Side 


the loading bridge and the set screws of the bearing cov- 
ers, a test is made for smooth running in the end bearings. 
To do this, the set screws must be adjusted until the de- 
flection on a feeler dial on the bearings is less than 0.0S 
mm. (0.003 in.). Then the load is applied to the speci- 
men and the deflection of the middle bearing is again 
measured, whereupon the end bearings may have to be 
readjusted. When smooth operation has been obtained 
by this method, the deflection in the middle bearing is 
measured. The calculated and measured values must 
correspond approximately to each other. Before and 
after each of the loading steps, deflection measurements 


are repeated. The motor and the cycle counter are con- 


nected by a flexible shaft when the test specimen has 
been properly installed. 

Since this installation must run day and night without 
supervision, a press button switch was provided as a 
safety precaution as shown in Fig. 46. In case of an 
emergency the machine can be stopped immediately. 
If the circuit is broken it must be closed manually. By 
means of a time switch the fatigue machine is automatic- 
ally stopped after 16 hr. which corresponds to 2 X 10° 
cycles. The safety stop arrangement is connected to a 
switch actuated by the loading bridge as soon as the 
deflection of the specimen has exceeded a definite amount 
prior to failure. In this way the motor is stopped before 
the cross section of the test specimen has completely 
broken. 

Calculations and Precision.—The maximum bending 


Fig. 45—Middle Bearing 


WELDING RESEARCH SUPPLEMENT 


moment comes at the center of the test length (L) ang 
according to the terminology of Fig. 47 is: 


P-L 
M, center >= 4 
The maximum stress will be then: 
P-L 
center = 
4u b 


where W, is the moment of inertia of the cross section oj 
the specimen. If the fracture occurs at the center of the 


specimen, the fatigue strength of the point of the fracture 
is: 


racture = 


Fronter = Ky conver less the amount of the fraction of th, 
increment obtained by interpolation from the number 
of cycles before breakage. 


Fig. 46—Wiring Diagram of the Motor Dr.ve 


Fig 47—Moment of Inertia Sections 


If the fracture occurs at a distance XY from the center, 
then: 
1— xX 


Ofracture Ocenter * ] 


The fatigue strength of the weld, oweia is greater than, less 
than or equal tO Gfracture depending upon location of the 
weld. 

The radial stress of the test specimen at the center 
bearing was not taken into consideration during the cal- 
culation because its exact determination would be ex- 
cessively difficult, and the result would be practically 
uninfluenced, thereby. Further, it was also left out o/ 
account that the theoretical maximum load at the center 
bearing does not occur in this form. While the maximum 
load is taken up by the effect of the 16-mm. (0.63-in. 
bearing, the cross sections of the specimen at the end 
bearings have to be considered as the most critical. It 
was at these points that the fractures occurred most 
frequently, although the strength values still remain 
within the usual limits. 

The accuracy of the results is influenced by errors in 
determining the weight applied, the lever arm, bearing 
distances, the diameter of the test specimen and the dis- 
tance of the fracture, point X, from the center of the 
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specimen. The uncertainty of these factors would be 
about as follows: 


Weight of the load transmission 
Variable weight of load..... . 0.2 kg. (0.44 Ib.) 
Length of lever arm............ +1.0 mm. (0.4 in.) 
Fracture location X............ #0.5 mm. (0.02 in.) 
Diameter of test specimen (ma- 
chined bar)..................+0.05 mm. (0.002 in.). 


For example, by taking into consideration these rela- 
tively large errors in the calculation of the fatigue 
strength of Test Specimen No. 105 (Table 8), a maximum 
value of 12.42 kg./mm.? (17,600 psi.) and a minimum 
value of 11.95 kg./mm.?* (17,000 psi.) is obtained instead 
of the recorded value of 12.1 kg./mm.* (17,200 psi.). 
Compared to the natural scattering of the fatigue values, 
these calculated variations can be disregarded. This 
applies even to the testing of specimens in the as-rolled 
condition, though the errors involved are larger, because 
the rolled surface interferes with the exact determination 
of the diameter, and the bars are not round. 

With welded joints which were only flash trimmed, 
the increased diameter across the weld must be taken 
into account. Although the stress distribution becomes 
less favorable with increasing cross section, the increase 
of the moment of inertia results in a materially lower 
stress at the joint. The results also confirm this, since 
the fractures occur preferentially at the unwelded 
clamped section. These fractures may be explained by 
the experience that failure usually occurs at a place 
which has carried at the most 10° less than the maxi- 
mum stress. The location of fracture could not occur 
further than 30 mm. (1.18 in.) from the center bearing. 
In this case, with the joint only flash trimmed and thus 
protected by an increased cross section due to upsetting, 
failure could be solely expected in the unwelded sections. 
Nevertheless, the stresses at the weld have been calcu- 
lated in the same way as for machined and polished bars, 
because the variation of the diameter at the weld is un- 
known and cannot be taken into consideration. It 
should be clearly understood, however, that the strength 
values, in so far as they relate to the increased weld sec- 
tion, are too favorably reported. This condition will be 
again considered in the discussion of the results. 

In the following, the major points will be explained 
which led to setting up the individual test series. In the 
first place it was considered necessary to investigate the 
behavior of the unwelded material, in both polished and 
as-rolled conditions, in order to form a basis for judging 
the welded joints. The foremost rule for testing the 
joints was that both the influence of welding and mech- 
anical treatment would have to be taken into considera- 
tion. The Welding times and the energy conditions were 
first taken as controlling factors during welding. Dur- 
ing the course of the investigation, upsetting was added 
to the above factors. Previously, this upset factor had 
not been consulered because the type of tests did not seem 
particularly appropriate to detect small variations in 
Strength. Machining of the welded test specimens was 
done to suit the application so that definite sources of 
defects could be observed. Since flash-welded joints are 
usually flash trimmed while still hot and then frequently 
used without further treatment, there is always a possi- 
bility that the weld line may contain notches, slag inclu- 
sions or other irregularities at the outside edge. It is 
well known that fatigue fractures originate preferentially 
at such irregularities, especially when they are located at 
the surface and are associated with high local stress con- 
centrations. Although the flash-trimmed joint has a 
lower stress because of the increased cross-sectional area 
caused by upsetting, it was to be experimentally confirmed 
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that the joints are not endangered at the wel! line even 
under alternating loading. To test the joint, which repre- 
sents a gross nonhomogeneity of the test specimen from in 
ternal stresses, grain-size variations, etc., the influence of 
the surface condition should be avoided by using highly 
polished specimens. Such specimens were found to be 
satisfactory even in the tests where a variable upsetting 
pressure was used. 

It has been repeatedly found that a rapid cooling of 
steel or welded specimens may cause high residual stres 
ses. In‘flash-welded joints, such stresses are scarcely to 
be avoided. Even so, by X-ray back-reflection measure 
ments it was shown that the stress conditions present in 
flash-welded joints are considerably better than obtained 
with other welding methods. This is also confirmed 
by Fig. 48. These X-ray back-reflection measurements 
were obtained from an investigation performed in 1931 
in connection with the present work by Dr. 
the X-ray laboratory of Siemens and Halske 


serthold in 


The dif- 


Fig. 48—X-ray Back Reflection Patterns of Welded Joints 
(a) Flash welded. (b) Arc welded, V-a: A 


Cc 


fuseness of the lines is, in so far as it is possible to judge 
at present, a measure of the lattice distortion caused, for 
example, by incomplete precipitation, which results in 
the setting up of internal stresses and a decrease in the 
work-absorbing ability. In order to find out whether 
these stresses have any influence on the behavior of the 
joints in fatigue, it was thought advisable to investigate 
a series of water-quenched specimens having artificially 
increased stresses about the same as in the tensile and 
hardness tests. 

The results of the fatigue tests carried out as described 
above are tabulated by series in Table 8. The specimens 
were identified by serial numbers and also by the letters 
corresponding to the steel used. In the first tests no dis 
tinction was made between rolled bars A and B, so that 
later a double marking had to be used. The welds were 
made from stock having a nominal diameter of 30 mm. 
(1.1Sin.). The test bars were made metallic bright (me- 
tallisch blank) at the sections where they were clamped 
in the dies. The remaining details are given in Table 8. 
The values not recorded were not taken. The welding 
times were obtained from current and energy input 
records. The maximum energy consumption of the 
welding machine was obtained from the same records, 
although these values were also read directly from the 
switchboard instruments. These values should be used 
solely for estimating the approximate loading of the 
machine. The next column gives the specifications for 
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Fig. 49—Fatigue Fracture of an Unwelded Specimen After Several 
Load Increments (1.25 x). 


the test specimens. In addition to the distance from the 
weld to the mid-point of the center bearing, the load ap- 
plied on the weld as per cent is given, as obtained from 
A» center. Then follow the values of Ay center in the last three 
loading steps and including the corresponding number 
of cycles. The number of load increments before failure 
and the location of the fracture with respect to the center 
bearing are given in the next column. In the last three 
columns are given the calculated values of Geen, and 
Tiracture, the latter being divided according to whether the 
fracture took place at or away from the weld. 
Results.—For tests of the rolled surface, the material 
was used in the as-received condition. The polished spe- 
cimens were first machined then polished by hand in the 
longitudinal direction with emery paper from coarse to 
4/0, and then finished to a high polish with levigated 
alumina. After the tests, the specimens that had broken 
only about two-thirds of the way through were then com- 
pletely broken. As shown in Fig. 49, the fatigue frac- 
tures were distinctly different than the coarse crystalline 
residual fracture, which is distinguished by a slight de- 
formation at the edge which was caused by the violent 
rupture. In the present case, fatigue failure of the cross 
section started from two opposite sides. From the direc- 
tion of the markings on the fracture (Rastlinien), it is 
fairly easy to locate the nuclei which initiated the pro- 
gressive fracture. The steps which are visible on the 
lower part of the figure could probably be attributed to 
the influence of several fatigue fractures that started in- 
dependently of each other at nearby sections and later 
merged into one. The overstrained cross section can be 
observed in the structure even before the fracture starts. 
Figure 50 shows the beginning of a fracture. In the ad- 
vanced condition, Fig. 51, a layer of completely deformed 
grains has formed at the surface by the working together 


of the two surfaces oi the fracture. All the details of ¢), 
fatigue fracture disappear. 

Values for the strength of the unwelded specimens {,, 
Series | and 2 are shown in Fig. 52. While there is litt), 
difference between the various materials, the polishe, 
specimens could be clearly distinguished from those hay 
ing the rolled surface left on. In both cases, the tend 
ency for hardening is about the same. The understresse, 
test specimens were excluded from the average values 
The fatigue strength of the polished specimens was = |{)4 
kg./mm.? (28,100 psi.), while that for the specimens wit) 
the rolled surface left on was only + 16.5 kg./mm.* (23 
400 psi.). Here the irregular surface on the test specime; 
produces a small notch effect which interferes with th 
even stress distribution. Local stress raisers are thy: 
formed which raise the stress above the endurance lim; 
for lower nominal stresses and consequently cause pri 
mature fatigue failures. In addition to this, the decar 


Fig. 50—Initial Phase of a 
Fatigue Fracture (100 x) 


Fig. 51—Later Phase of the 
Fatigue Fracture (100 x) 


/ 


burized surface has not been removed from the test speci 
men, which also lowers the endurance limit. 

The value of +19.8 kg./mm.* (28,100 psi.) for the 
polished endurance limit should, according to Féppl, b 
reduced to about 16.5 kg./mm.* (23,400 psi.) for an in- 
finite number of cycles. On the other hand, the endur- 
ance limit of a specimen made from Steel M tested ac- 
cording to Wohler’s method on a Schenck fatigue-testing 
machine gave the value of +23 kg./mm.? (32,790 psi. 
A true comparison is impossible, as all the 9.5 mm 
(0.37 in.) test specimens came from the segregated center 
of the rolled rods and represent a different primary ma- 
terial and on which there is also no decarburized surface 
Moreover, according to Faulhaber, the fatigue strength 
decreases as the diameter of the test specimen increases. 

The deviations of the fatigue strength values from the 
average values for both the polished specimens and those 
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Fig. 52—-Endurance Limit of Unwelded Material, Series 1 and 2 


~-—- Specimens having rolled surface. 
—— Specimens polished. 
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Fig. 53—Endurance Limit of Welded Specimens with Flash Trimmed; Series 3 and 4. Weld-Line Frac- 
tures Are Indicated by “‘ball and flag’’ 


with the rolled surface left on are comparatively small, as 
shown in Fig. 52. In the former, the distances of the 
fracture from the middle bearing (S to 12 mm.—0.31 to 
0.47 in.) lie close together in all specimens, thus indi- 
cating an excellent surface condition. Since very few 
specimens broke through the section at the entrance to 
the center bearing, and hence without a decrease in 
strength, this indicates that the bearing was in perfect 
condition. The test specimens with the rolled surface 
showed a much larger variation in the fracture locations. 
From the close correlation of these strength values it 
may be assumed that one source of failure may be attri- 
buted to a fine notch effect of defects which are irregu- 
larly distributed over the cross section of the work and 
are of about the same magnitude. 

The first tests on welded joints are included in Experi- 
mental Series 3 and 4. Since the strength of the weld was 
unknown, the weld was gradually moved closer to the 
center bearing until the limit was reached because of the 
upset section. In this manner the weld could be loaded 
up to 95% of the maximum stress. All fractures, except 
for those welds having obvious defects, which will be dis- 
cussed later, came outside the weld. Regardless of the 
lower stress at the larger cross section, this result is still 
remarkable since the welds with the flash removed still 


20 


had large notches which should make a fatigue failure 
occur at this location. The strength values determined 
from both test series are given in Fig. 53. Since the 
fractures occurred at a point where the surface was not 
affected by welding, the fatigue strength values must cor- 
respond with those in Experimental Serres 2. As a mat- 
ter of fact these values are very nearly the same. An 
influence of the heat-affected zone was hardly expected 
as it is known that the structure has no appreciable ef- 
fect on the fatigue strength. Also the hardening is the 
same as in the unaffected material. Therefore, no rela- 
tion could be determined, within the limits of the inves- 
tigation, between the welding time and the fatigue 
strength values. 

In the next three experimental series, jomts were 
tested that had been flash welded at different welding 
times and the upset carefully machined flush with the 
surface of the parent material. In order to avoid pre 
mature breaks caused by the notching effect of the ma- 
chined surface, the test specimen was highly polished 
at the weld zone. Consequently, these test specimens 
had three surface conditions; highly polished, an inter- 
mediate region, and the remainder with the rolled sur- 
face. The fatigue strength to be expected according to 
the location of fracture is between +16.5 and 19.S kg. 
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mm.*? (28,100 and 23,400 psi.). 


Therefore, two curves 
are plotted in Fig. 54 in each case. The top curve repre- 
sents the fractures at the polished section and the lower 


at the rolled surface. The limit of the upper curve gives 
an average endurance limit of =18.5 kg./mm.? (26,300 
psi.) and, hence, is 1.3 kg./mm.? (1900 psi.) lower than 
that of the polished stock. This variation is probably 
explained by less careful polishing. Values of the bottom 
curve correspond to those for the unwelded material in 
the rolled condition. Some of the values are exceptional 
because of their low fatigue strength and exceptional 
fracture distances from the center bearing. In these 
cases bad surface defects were present, consequently 
these specimens were excluded from the average values. 

The most important result of these tests is that, with 
few exceptions, the specimens failed outside of the weld. 
Since the load applied was usually higher at the weld than 
at the point of failure which showed a strength almost 
equal to that of the unwelded material, it may be as- 
sumed that the endurance limit of the weld is as high as 
that of the unaffected stock. In the specimens that were 
tested without the upset being machined off, it is prob- 
able that failure will not occur in the weld regardless of 
any notches that might be present, because of the en- 
larged cross section at the joint. 

With the exception of the specimens in Experimental 
Series 7, welded at a high current setting in a very short 
time, the strengths are independent of the welding time. 
Of the tests of Experimental Series 7, which was investi- 
gated in detail during the determination of the hardness 
and structure of Specimen A9, this could not be ascer- 
tained with certainty. In this case many of the failures 
occurred in the weld. It must also be kept in mind that 
weld-line failures do not necessarily mean a lower 
strength. Since the weld zone was highly polished and 
there was no relation between the heat-affected zone ob- 
tained during welding and the location of the fractures, 
the reason for these weld failures could only be looked for 
in the welding process itself. In any event these weld- 
line fractures should serve as a warning. 

The specimens of Experimental Series 8 to 11 were re- 
moved from the machine immediately after welding and 
quenched vertically into water. The time that elapsed 


between the end of welding and the quenching was 7 to 8 
sec. 


Then the specimens were flash trimmed. The sub- 
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Fig. 55-- Endurance Limit of Welded and Quenched Joints with Flash Trimmed; Series 8 to 9 


. Maximum value of precipitation hardening. 


sequent treatment was the same as for the air-cook 
cimens. 

The results of the fatigue tests on the flash-trimmed 
specimens are shown in Fig. 55. The effect of step loading 
shown is the strengthening or hardening previously 
scribed. The average: endurance limit 1s about = !7./ 
kg./mm.?* (25,000 psi.) and therefore is 5-6° higher than 
the values for the test specimens with the rolled suriac 
The deviation of the strength values is within the usual 
limits, although in some cases the fracture is quit: 
large distance from the center bearing. The reasons for 
this are the hardening of the material, the stresses caused 
by quenching, and the increased cross section from weld 
ing. The influence of the welding time is shown in the 
fourth graph of Fig. 55. As the quenched region becomes 
wider, the distance from the weld to the fracture in- 
creases because of the stiffening effect. Between this and 
the welding time, a relation exists similar to that found 
between the welding time and the secondary hardening 
zone. For comparison, the location of the maximum pri 
cipitation hardness values is plotted on the dot and dash 
curve. All of the fractures occur further away from thie 
weld than the second hardness maximum. 

The endurance limit of the quenched specimens with 4 
polished weld averages +17 kg./min.? (24,100 psi.), as 
shown in Fig. 56. Nearly all of the fractures occurred 4 
considerable distance from the weld line, which means at 
positions of lower stress and poorer surface condition. 
Again the endurance limit does not depend upon thie 
welding time. Except for one weld fracture, all test spect- 
mens failed outside of the second hardness maximum. 
In Fig. 56, the location of the maximum precipitation 
hardness is again plotted as with the unmachined joints. 
Further work on the remaining specimens was dispensed 
with because it did not seem practical. The completed 
tests should be sufficient to confirm the fact that the ar- 
tifically increased stresses do not endanger the weld 1 
either the flash-trimmed or the polished condition. It 
could even be inferred that the strength of the joint was 
increased by this means. 

The numerical results of these fatigue tests are tabu- 
lated in Table 9. 

In the polished condition the material has a fatigue 
endurance limit of 19.8 kg./mm.* (28,100 psi.). The 
specimens with the rolled surface left on failed at a nom- 
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Table 9—Summary of Fatigue Test Data of Series 1-1] from Table 8 
Test est Specime ns Endura Limit 
Series Material Welding Treatment Surface Condition Kg./Mm.? Psi 
C, D, E, F,M Unwelded Polished 28,2 
2 E, F, M Unwelded Rolled surface 16.5 O36 
3-4 A, B Welded, air-cooled Flash trimmed, not machined 16.5 23,500 
5-7 Cc. D, E, F Welded, air-cooled Machined and polished at the weld zon 18.5-16.7 26,30 800 
8-9 A, B Welded, quenched Flash trimmed, not machined 17 .¢ 25,100 
10-11 i. Welded, quenched Machined and polished at the weld zone 17.0 24,200 


inal stress as low as + 16.5 kg./mm.? (23,400 psi.). The 
surface factor proposed by Thum and Buchmann is cal- 
culated as follows: 

op LOLS 

Oy, = = =~ = 1.20 

On 16.9 
This value agrees adequately with the results of Jiinger 
and Lehr, whose factor for the rolled surface of Structural 
Steel 37 was 1.21. 

Since the specimens fail outside of the weld line, the 
strength values obtained for the welded joint are between 
= 16.5 kg./mm.? (23,400 psi.) and 19.8 kg./mm.? (28,100 
psi.) depending upon the surface condition at the frac- 
ture. With respect to the correlation between the weld- 
ing technique and the quality of the joint, the following 
conclusions may be drawn from these results: 


1. The rolled surface has a greater influence on the 
endurance limit of the joint than the weld. 


2. The joints with only the flash removed, because of 
the increased reinforced cross section and the 
strength of the joint itself, are insured against 
failure to the extent that small weld-line defects 
do not cause the joint to fail at this point. 

3. Welds with a polished surface may be regarded as 


having a fatigue strength at the weld line equal 
to that of the unwelded material. 

4. The residual stresses remaining in the weld do not 
decrease the fatigue strength. 

0. The fatigue strength in general is independent of 
the welding energy and the welding time. How- 
ever, joints which have been welded with a very 
high energy input in an exaggerated short time 
have a tendency to break in the weld line. 


1945 FLASH WELDING 


Defective Welds 


The above-described investigations have shown that a 
well-made joint does not fail at the weld. However, in 
the case of a weld-line failure, it may be assumed that 
the weld was defective, although the poor quality of the 
joint could not be detected from its external appearance 
or from a tension test. Defects encountered though 
fatigue testing should receive special attention since the 
oxide inclusions and other irregularities caused by poor 
welding are observed exactly as they occurred in the cross 
section of the weld. In the fatigue tests, as contrasted to 
the tension test, even the smallest defects are discovered, 
which gives the investigator a better opportunity to study 
the details of each variation in the welding schedule. It 
is for this reason that joints were teste. which would 
normally be rejected because of their poor external ap 
pearance. 

Since it was impossible to gage the loads to be used for 
defective welds so that failure would occur during the 
third loading step, the interpretation of the results ob 
tained is somewhat uncertain. The specimens that 
failed after a large number of load increments may 
have been strengthened, and it cannot be known whether 
the test specimens which broke during the first load incre- 
ment might not have failed at a lower stress if the test 
had started at a lower load. Regardless of this uncer- 
tainty, the data of the Test Series 1-11 on defective 
welds, some of which were obvious from their external 
appearance, give several interesting conclusions. 

Out of 82 joints, ]4 failed in the weld, of which 9 were 
in Series 7. This large number of failures should not be 
taken as an example of regular production welds, because 
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these were experimental welds, and in each case the at- 
tention of the welder had to be concentrated on various 
other phases of the welding process. Except for two of 
the defective welds, none of the fatigue specimens with- 
stood the first load increment, though, with one excep- 
tion, all withstood 1,000,000 cycles. 

The fourteen defective welds may be separated into 
three groups on the basis of welding time. Specimens 
No. 71 and 81 of experimental Series 5 and 10, with a 
welding time of 57 and 58 sec., belong in the first group. 
Although one specimen was water quenched (the other 
was air cooled) they both had about the same strength 
which was comparatively high. The appearance of the 
fracture of the air-cooled joint differs very little from 
that of the unwelded material. The fracture started at 
two defects in the weld which may still be recognized. 
At the point where the two fatigue-fracture surfaces 
join, a step has formed which runs toward the center. 
The final fracture is coarsely crystalline thus indicating 
that failure occurred very near to the weld line. The 
final fracture of the quenched specimen has a_ similar 
structure. On the other hand, the fractured surfaces of 
this specimen are deeply fissured. The fatigue fracture 
started at defects caused by oxide films on the outer edge 
of the weld. 

The second group consists of the three defective welds 
in Experimental Series 4, which had a welding time of 40 
sec. Their average strength was 14°) lower than that of 
Group 1. The final fracture was coarsely crystalline. 
The uneven structure of the material at the weld could 
be clearly observed on the fractures by the irregular, 
radiating or scale-like projections and depressions. <A 
number of bright-lustrous and dark inclusions could be 
observed without magnification. 

The third group includes the weld failures of Experi- 
mental Series 7. These are caused by welding with an ex- 
cessively high energy input. The welding times for most 
specimens were between 7 and |4 sec. The strength val- 
ues vary widely. It was observed that the appearance of 
the fractured surfaces was in line with the strength ob- 

_ tained. The better welds very seldom show any irregu- 
larities on the fracture except at the starting point where 
a slight unevenness occurs. Since this type of fracture 
is also observed on unwelded material, it cannot be un- 
conditionally stated that the weld in these joints is de- 
fective. The remaining fracture also shows no indication 
of an unsatisfactory weld structure. The defective welds 
having a low strength give an entirely different picture. 
The lower the strength of the defective welds, the larger 
and more numerous are the oxide inclusions and craters 
with bright metallic or dark oxidized surface. The dark 


coloring generally occurs along the outside edges of the 
weld and is probably caused by the stronger attack of the 
air. Many times the fractured surface was so heavily 
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Fig. 57—Slag Inclusions in the Weld Line Caused by Insufficient Upset (100 x) 
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covered with slag and irregularities that it was impossibj 
to determine the starting point of the failure. The ty 
defective, lowest strength welds, have a smooth unifor, 
oxide skin which was interrupted only by a few bright an 
dark hollow places. This indicates that no actual weld 
ing took place. Some individual grain clusters wer 
broken out by forcibly breaking the specimen, but ther, 
was no. true fracture at the end of the test. It is not 
worthy that these test specimens withstood more thay 
100,000 cycles at a stress of + 14 kg./mm.? (19,900 psi 

Worse joints are hardly conceivable. 

Since defective welds with slag inclusions or other weld 
line defects around the perimeter have quite differen 
strengths, it appears likely that a causal relation exists 
between the welding conditions and the strength of th 
joint, and that weld-line defects, such as porosity, oxic 
inclusions, ete., could not be considered to act the sam 
as sharp notches on the fatigue strength of the joints 
This could be explained ‘to a certain extent by the photo 
micrograph of Fig. 57, which shows that the large an 
small inclusions are well rounded, which prevents high 
local stress concentrations from occurring. The decreas 
in the cross section of the weld caused by defects simply 
increases the average stress, while localized effects do no 
occur. Even the total effect of the defects would prob 
ably not be too serious, because experience shows that 
notch effects of this nature only slightly reinforce each 
other. 

In considering defective welds as a whole, it may lx 
seen that there is a wide variation in strength of welds 
made with extra short welding times, and also that the 
values get better as the welding time increases. 
the defective welds would (otherwise) have been satis 
factory, the same as the other welds in their respective 
series, it may be concluded that the influence of the ei 
fects which cause defects increases with decrease in weld 
ing time until, at very short welding times, the welding 
conditions have changed fundamentally. The wide vari 
ation which comes with short welding times suggests the 
additional assumption that not one, but several condi- 
tions are responsible for weld-line defects. 

With these complicated conditions, it seemed advis- 
able first of all to determine under what conditions ce- 
fective welds are produced. One of the contributing fac- 
tors could be the upsetting pressure. This factor has not 
been included in the record of the welding conditions. 
Furthermore, it must be understood that this factor 
fluctuates within certain limits with manually operated 
machines. In order to clarify this, a number of welds 
were made on the WS6 flash welder with Taps 5 and 5 
with deliberately different upsetting pressures. No ac- 
tual pressure measurements were attempted. The re 
sults of these tests compose Experimental Series 12 and |.) 
which are plotted in Fig. 58 

All specimens welded on Tap 5 failed in the 
weld line between +5.6 and 15.4 kg./mm.° 
(8000 and 21,900 psi.). There is no correlation 
between the welding time and the strength 
because the strengths of welds made fast or 
slow are not consistently high or low. No 
correlation could be made between the test 
results and the length of the flashing (burn 
off) period, although at first that did seem 
possible since the two specimens with the best 
fatigue strength also had the longest flashing 
times. Closer examination shows that with 
increasing flashing period, an equal number 0! 
strength values would fail to satisfy such 4 
correlation as those that would. 


SINCE 


Also a 


lation was not obtained by evaluating the pri 
heating and flashing times in a different 
way. 


SEPTEMBER 


A 
stre 
| are 
wit 
Tr 
pe 
wa 
| Ne 
| str 
| fra 
fot 
fre 
for 
at 
fre 
al 
ni 
th 
lik 
fr 
w 
0 
0 
fl 


he ty 
Nifory 
ht an 
| weld 
Wer 
ther, 
Note 
than 
) psi 


weld 
Teren 
€Xists 
of th 
Oxids 
joints 
an 
high 
‘TEAS 
imply 
ne 
prob 
that 
each 


LV be 
Ids 
t the 
Sinee 
satis 
CTIVE 
le el 
veld 
ding 
Vari 
the 


lvis- 


WELDING TIME - SECONDS 


Fig. 58-- Fatigue Strength of Defective Welds Caused by Insufficient Upsetting Pressure 


Again, the appearance of the fracture improves as the 
strength increases. In Fig. 59, the fractured surfaces 
are shown in the order of their strengths. The specimens 
with low strength have a heavily slagged (oxidized ? 
Trans.) weld. The fractured surface was metallic in ap- 
pearance at only a few places. The stfrface, in general, 
was covered with craters that were more or less oxidized. 
No true fatigue fracture occurred, but with increasing 
strength, the distinction between the fatigue and residual 
fractures became more pronounced. From about the 
fourth specimen on, the difference in structure of the 
fractured surfaces is readily recognized. The larger slag 
formations are present only at the edges of the specimen 
at which places, it becomes more and more clear, the 
fractures started. The test specimens with a strength 
above +13 kg./mm.? (18,500 psi.) have scarcely recog- 
nizable inclusions at which the fracture started. Also, 
the weld line itself could be identified only by a few scale- 
like irregularities and the coarse structure of the final 
fracture. 

From the results of these tests it may be stated that 
when there is an insufficient amount of upset, defective 
welds with varying strengths will be produced. Since 
the nature, size and distribution of the inclusions found 
on the fractured surfaces may be used as an indication 
of the upsetting effect, and since the appearance of the 
fractured surfaces runs parallel to the strength values, it 
may be definitely assumed that there is a close correla- 
tion between the upsetting pressure and the strength of 
the joints. 

From observation of the fractures, an understanding 
can be obtained of the mechanism of siag disposal during 
upsetting. Since the particles of the heated cross section 
yield more readily to the upsetting pressure the closer 
they are to the surface of the bar, a pressure gradient 
toward the outside surface is established at the weld line. 
Consequently, the more mobile the surface particles, the 
more quickly and easily will they be forced toward the 
outside. The center of the weld is, therefore, freed of the 
undesired constituents, in which the overheated metal is 
included. This cleaning action in the weld may be seen 
clearly on the fractured surfaces. Figures 60 and 61 show 
additional details. The large inclusion of Specimen 94, 
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Fig. 59-—-Fatigue Fractures of Defective Joints Welded on Tap 5 


FLASH WELDING 


fi 20 
roy 

15 

1 

5 
= oO Weld Frilures Seriles 12 
“field Fpilures Seriles 13 
= 0 20 40 60 


28,400 


21,300 


14,200 


7,100 


of the WS6 (1 x) 


Strenath jth 
8&7 56 86 é / 
lds 
id S 
ac 
or ‘ 68 43.2 
No 
est 
en 
ith 
nt 
R 479-s 


No. Strength 


Figs. 60 and 61—Fractures of Test Specimens 92 and 94 
.3 X) 


Fig. 61 


a, Residual fracture; b, slag; c, slag constriction. 


which gradually gets wider toward the outside surface, 
shows the effort of the slag to flow toward the weld sur- 
face under the upsetting pressure. At the same time 
there is a danger of the slag particles being pinched off, 
indications of which may be seen in the photograph of 
the fracture. With an increase in the upsetting pressure, 
the slag inclusions are pressed together so tightly that 
channels are formed which penetrate well into the middle 
of the cross section. This condition is illustrated by the 
photograph of Specimen 92. The materially higher 
strength of this joint shows that the expulsion of the slag 
is well advanced. In view of the deep penetrating slag 
inclusions which are still present, the endurance limit of 
+13 kg./mm.? (18,500 psi.) is quite remarkable. It has 
already been mentioned that weld-line defects of flash 
welds are not to be considered as sharp notches. Ap- 
parently, it is also significant that the slag inclusions take 
the form of transverse channels. 

Correlations are harder to detect in the specimens 
welded at transformer Tap 8. Since many of the speci- 
mens broke outside the weld, there is an indication that 
different conditions exist. Also the appearance of the 
fractured surfaces does not provide a satisfactory means 
for evaluating the joint. In general, large slag inclu- 
sions were present. Figure 62 shows the fractured sur- 
faces arranged according to the fatigue strength. As a 
peculiarity, Specimen 96 shows a spot with a metallic 
luster having fine irregular branches. This spot is prob- 
ably not welded because the upsetting pressure was in- 
sufficient to overcome the counter pressure of the trapped 
gases so that the abutting surfaces could joitl together. 

The reasons for the different correlation between the 
slag formations and fatigue strength of specimens welded 
with a high energy input will be discussed in more detail 
later on. 
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Fig. 62—-Fatigue Fractures of Defective Joints Welded at Tap 8 
on the WS6. Specimens Are in Order of Their Fatigue 
Strength (2 x) 
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N modern engineering, the advantages 
of making metal structures one-piece, 
y welding or other similar methods of 
ining, have become so obvious that 
there is insistent demand for evaluation of 
the suitability of different metals and al- 
ys for such joining. Such evaluation is 
early metallurgy. 
There is equal demand for evaluation 
{ the converse, the applicability of vari- 
us welding and joining methods to the 
arious metals, which at first sight might 
e considered a branch of mechanical and 
lectrical engineering, taking metallurgy 
t comes 
However, it generally happens that the 
vo have to go together to get the best 
mipromise, with a bit of adjustment of 
1¢ metallurgical properties better to suit 
necessary welding conditions, and 
me modification of welding techniques 
to suit the metallurgical idiosyn- 
rasie The metallurgist, tackling his 
oon finds that he must pay attention 
welding technique, and the welding en- 
inecr who neglects the metallurgical 
lases soon finds that he cannot transgress 
me of the fundamental laws of metal- 
irgy. When both get together they begin 
)get somewhere. Each one requires the 
il equipment and the scientific back- 
ground of both fields, so a ‘‘welding lab- 
tury’’ worthy of the name is necessarily 


Automatic Metal Arc-Welding Machine, Set Up for Weld- 
ability Tests on Steel 


The Development of a Welding Laboratory 


Battelle Memorial Institute 


a cooperative affair. The present welding 
laboratory at Battelle Memorial Institute 
is an outgrowth of such cooperation. 
Battelle’s introduction to welding research 
came through the need of evaluating 
“‘weldability’’ as one of the many impor- 
tant attributes or tests affecting the com- 
mercial utility of steels. As welding equip- 
ment and personnel were secured for this 
evaluation from the testing point of view, 
more and more problems arose in which 
research examination of welding processes 
from other aspects than that of mere test- 
ing was required. 

As equipment for and experience in 
studying welding processes were built up, 
more and more problems came in requiring 
full cooperation of metallurgist and welder, 
until Battelle finally found itself in pos- 
session of quite a welding laboratory, and 
found that such a laboratory is as essential 
in the Institute’s services to science and 
industry as the experimental foundry. 

Before the start of the war, the Welding 
Laboratory had become sufficiently well 
rounded to be of immediate service to 
various war agencies, and the war work in 
turn led to further expansion, improved 
equipment and enhanced experience. This 
is not to say that the Welding Laboratory 
‘“‘just growed,’ for the Institute’s execu- 
tives have long been enthusiastic about 
the possibilities of the combined metallur- 
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gical and welding technique research, yet 
the growth has been far beyond early ex- 
pectations. 


Weldability of Steels 


A large part of Battelle's welding re- 
search has been on the weldability of 
steel. Following the first fundamental 
work on the relation of hydrogen in steel 
to weld-metal defects,! research was begun 
on other phases of weldability, entailing 
studies of the hardness and ductility of 
welds and weld joints, weld and parent- 
metal crack sensitivity, fusibility, porosity, 
welding under restraint and related metal 
lurgical characteristics of steels. 

An early industrially sponsored project 
was on the weldability of aluminum-de 
oxidized steels. A report on this work was 
published in THE WELDING JOURNAL in 
1941.2 In more recent investigations, 
the influence of aluminum on the welda- 
bility of steels has been further studied, 
and several projects have also been con- 
ducted on the effect of copper on the weld- 
ing qualities of carbon and carbon-man 
ganese steels. 

In 1941 work was started for the Weld 
ing Research Committee of the Engineer 
ing Foundation on the weldability of car 
bon-manganese steels. A large quantity 
of rolled and cast steel plates, in variou 


Apparatus for Tests of Metal Arc Welding of Steel in Controlled 
Atmospheres 
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thicknesses and of various chemical com- 
positions, was procured and is being held 
for investigations sponsored by the Weld- 
ing Research Council at Battelle and other 
laboratories. A report on the Battelle 
investigation on weld-bead hardness and 
bend tests of the carbon-manganese steels 
was published in THz WELDING JOURNAL 
in 1942.3 The Welding Research Council 
has recently authorized a continuation of 
work on these steels, and tests to deter- 
mine their notched-bead slow-bend prop- 
erties (ductility of heat-affected metal) 
are now in progress. 

The weldability studies were extended 
to alloy steels in a project, conducted for 
Watertown Arsenal, on the weld-bead 
hardness of thirty-four representative 
carbon, nickel and nickel-chromium steels. 
A paper describing this work was published 
in THe WELDING JouRNAL in 1943.4 In 
another project, the atomic-hydrogen 
weldability of alloy steels for aircraft 
propellers was investigated. 

Three projects have been completed for 
the Army Air Forces on the weldability 
of alloy steels for aircraft structures. Out 
of these came much of the data used in 
the preparation of the report of the AMERI- 
CAN WELDING Society Subcommitte on 
Weldability Standards for Alternate Air- 
craft Steels, from which the tentative 
standards (THE WELDING JOURNAL, Feb- 
ruary 1944) were drawn. This work was 
also discussed in a paper published in THE 
WELDING JOURNAL in 1943.5 A related in- 
vestigation sponsored by the Army Air 
Forces is now in progress, in which the in- 
fluence of carbon, manganese, sulphur and 
other elements on the weldability of air- 
craft structural steels is being studied. 

As an outgrow#h of these weldability 
studies, an extensive investigation, cov- 
ering a period of almost two years, was 
conducted for the War Production Board 
on the improvement of the welding char- 
acteristics of low-alloy high-strength steels. 
The metallurgical aspects of this work have 
been described in a recently published 
paper.’ 

At present, an investigation is in prog- 
ress on the metallurgical characteristics of 
high-strength steels. This research in- 
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30-Kva Mechanical Flash-Welding Machine 


cludes a study of the crack sensitivity of 
the steels during metal-arc welding, and 
the relation of crack sensitivity to steel- 
making and processing, chemical composi- 
tion and other properties of the steels. 

Two current investigations, which do 
not deal specifically with weldability, but 
which may be put in this classification, 
deal with the graphitization of welded 
carbon-molybdenum steel piping for high- 
temperature steam lines,’? and with the 
effect of various types of structural paints 
on the quality of welds which are deposited 
on painted steel surfaces. 


Welding Electrodes 


During the early stages of the military 
aircraft production program, when metal 
arc welding first began to be widely used 
in the fabrication of tubular airframes and 
similar structures, the problem of suitable 
welding electrodes received much atten- 
tion. At this time the Army Air Forces 
sponsored a project at Battelle on the eval- 
uation of the operating characteristics of 
electrodes for use in airframe welding. 
Various classes and types of metal arc 
welding electrodes were tested and classi- 
fied according to ease of operation and 
quality of the welds. The results of this 
investigation were published in Tue 
WELDING JOURNAL in 1942.8 

The Welding and Ceramic Divisions of 
the Institute are now conducting a num- 
ber of investigations on metal arc-welding 
electrodes. Some of these deal with the 
formulation of electrode coatings for spe- 
cific operating conditions, welding char- 
acteristics and weld-metal properties, and 
with problems on the mixing, extruding 
and drying of coatings. Another project 
involves fundamental studies of the weld- 
ing arc, the characteristics of metal trans- 
fer, the influence of are atmospheres on 


* weld and parent-metal cracking and weld- 


metal porosity, and the functions of the 
parent plate and the electrode core wire. 
An investigation has been made of the 
operating characteristics and weld-metal 
properties of various commercial hard- 
facing electrodes and gas-welding rods. 
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Pressure-Welding Machine and Auxiliary Apparatus 


In collaboration with the Physical Metal 
lurgy Division, the properties of specia 
hard-facing alloys have been studied 

An investigation is also being conduct: 
by the Foundry Division on the develo; 
ment of wire for cast iron metal-arc 
gas welding. 


Resistance Welding 


At the start of the war, Battelle bega 
investigations for the Navy Department 
and the Office of Scientific Research an 
Development on the flash-welding of alloy 
steels for aircraft and ordnance applica 
tions. In connection with this work, 4 
translation was made of the German book 
Production Technique and Quality of Flash 
Welded Joints, by Dr. Hans Kilger. Thi 
text on flash welding is scheduled to a 
pear serially in THE WELDING JOURNAL. 

An investigation on the influence of 
welding techniques and steel quality o 
the properties of resistance butt welds 
steel pipe has recently been completed, 
and an investigation of the resistance butt 
welding of dissimilar nonferrous alloys is 
now in progress. 

Some work has been done on the spo! 
welding of thin ferrous sheets, as, for ex 
ample, in the fabrication of metal can: 
and containers. 


Flame Pressure Welding 


As a result of the growing interest in the 
flame pressure-welding process, Battelle 
is conducting an investigation for the Of 
fice of Production Research and Develop 
ment, to evaluate the quality of pressurt 
welds in alloy steels and the ease of produc 
tion control of the process. The effects 
on weld quality, of factors such as magn! 
tude of pressure, rate and duration of heat 
ing, amount of upset, oxidation of welding 
surfaces, character of gas supply, and post 
heat treatment, are being studied. 

In addition to the research on the pres 
sure welding of alloy steels, fundamenta 
studies have been made to determine tl 
feasibility of the process for aluminum 
and other nonferrous metals. 
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Structural Welding 


One of the early Battelle investigations 
in this field was the evaluation of metal 
arc welding techniques for tubular alloy 
steel airframes. The static and fatigue 
strengths of typical airframe joints made 
with a variety of welding techniques were 
determined, and the influence of joint 
design and stress concentration factors 
was evaluated. Similar design studies 
have been made for other welding methods 
such as oxyacetylene, flash and pressure 
welding, and for high-temperature brazing. 

An investigation now in progress deals 
with the causes and control of distortion 
in large welded steel structures, and a de- 
velopment of welding techniques, joint 
design and structural design for such ap- 
plications. In this study the relative per- 
formances and economies of welding and 
other methods of joining are being consid- 
ered, 


Welding Techniques 


Investigations of welding techniques 
have dealt with the design of butt joints 
and backing rings for steel pipe and pipe 
fittings; the study of special hard-facing 
techniques for tractor parts; the hard fac- 
ing of gas-engine valves; and the evalua- 
tion and development of methods for the 
welding of thin steel sheets with propor- 
tionately small welds, for use in the con- 
struction of models for structural analysis. 


Gas Welding; 


Flame Cutting; Flame 


Hardening 


In connection with the work on weld- 
ability of steels and the development of 
welding rods and electrodes, considerable 
work has been done using oxyacetylene, 
oxyhydrogen, atomic-hydrogen and inert 
gas-shielded arc welding. 

Studies of the flame cutting and deseam- 
ing of stainless steels have been made. 
In the flame hardening of steels, an inves- 
tigation was conducted to determine suit- 
able methods and steels for flame-hard- 
ened machine parts. 


Dr. O. E. Harder 
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Brazing and Soldering 


Brazing and soldering long have inter- 
ested Battelle metallurgists. In 1935 
an investigation was made to compare 
physical properties of tin-lead solders 
made from virgin metals with those of 
secondary origin, i.e., electrolytically re- 
finea solder, and secondary or reclaimed 
solder. The findings were published® 
and covered the results of studies of me- 
chanical and electrical resistance proper- 
ties of the massive solder, and of studies 
of the strength of joints made from the 
various solders. 

Intermediate solders, silver solders and 
solder fluxes also have been investigated. 
Wartime problems of substitution and 
conservation resulted in a survey of low- 
tin and tin-free solders. This work was 
conducted for the War Production Board, 
and the results have been published.” 

Early in its history Battelle was con- 
cerned with the brazing of steel with cop- 
per,'! and this was later extended into in- 
vestigations of cladding metals by furnace 
brazing procedures. The great interest 
in brazing or hard soldering of aluminum 
has resulted in pertinent studies, including 
studies both of furnace brazing and of salt- 
bath brazing. 


Facilities and Equipment 


The entire facilities and specialized 
“know-how”’ of Battelle’s several research 
divisions can be brought to bear on any 
welding project. As welding research ac- 
tivities have expanded, facilities in equip- 
ment and personnel have kept pace. The 
laboratories are equipped not only to 
handle research connected with the metal- 
lurgical aspects of welding, but also related 
research in process and technique develop- 
ment, structural design, distortion and 
stress analyses, and the occasional attend- 
ant economic and _ statistical surveys. 
This has called for collaboration between 
the Division of Welding Research and 
other divisions of the Institute, for ex- 
ample: the Process Metallurgy Division, 
on problems of steel manufacture and 
quality control; the Foundry, where spe- 
cial heats of metals are made and processed 
for welding; the Ceramic Division, for 
electrode coating development and special 
ceramic problems; the Nonferrous Metal- 
lurgy Division, particularly for problems 
in brazing and soldering; and the Physics 
Division, on problems of instrumentation, 
testing and stress analysis. In addition to 
the equipment in these divisions, there 
are available photographic and X-ray 
equipment for all types of macro, micro 
and radiographic inspections; complete 
machine shop facilities’ a large laboratory 
for chemical and spectrographic analyses; 
electron diffraction and X-ray spectrom- 
eter apparatus; equipment for corrosion 
testing, stress analysis, fatigue tests, wear 
tests and all other forms of mechanical 
testing of metals; and vacuum fusion ap- 
paratus and other equipment for gas ex- 
traction and analysis. 

The arc-welding equipment of the Weld- 
ing Research Division includes four d.-c. 
motor-generator units, three transformer- 
type a.-c. units and a rectified d.-c. unit, 
covering the range of types and sizes of 
such machines used in production work. 


BATTELLE MEMORIAL INSTITUTE 


One of the d.-c. machines is equipped with 
remote current control, and one of the a.-c. 
machines is equipped with superimposed 
high-frequency current for easy arc start- 
ing and control. 

Automatic arc welding is done with an 
automatic welding head equipped with 
electronic control for either a.-c. or d.-c. 
welding, and for continuous (coil) or stick 
feed, with either bare or covered electrodes. 
This unit can also be used for automatic 
submerged are welding. 

Complete equipment is also available 
for atomic-hydrogen, helium- and argon- 
shielded arc, and carbon-arc welding, for 
oxyacetylene and oxyhydrogen welding 
and brazing, and for manual and machine 
oxygen cutting and flame hardening. 

The present flash-welding equipment 
consists of a 30-kva. mechanically operated 
machine, with auxiliary automatic cur- 
rent control for preheat and postheat 
treatments in the welding machine. This 
machine has also been adapted for resist- 
ance butt-welding studies. 

The pressure-welding machine, designed 
for research use, is hydraulically operated, 
with a maximum capacity of 28,000 Ib. 
It has metering valves and accumulators 
to permit operation under variable pres- 
sure, or rapid upset or impact. It is 
equipped with timing mechanism for com- 
pletely automatic control of all phases of 
the welding cycle. Burners, mixers and 
auxiliary apparatus are available for 
either oxyacetylene or compressed air- 
natural gas welding. 

Other welding laboratory equipment 
includes a 3000-amp., d.-c. Magnaflux 
unit, adaptable to both wet and dry mag- 
netic inspection for cracks and defects in 
steels; a fluorescent-oil inspection unit 
for the detection of flaws in nonmagnetic 
materials; automatic recording equipment 
for a.-c. and d.-c., voltage, and arc time, 
and for flash-welding and resistance-weld- 
ing work; special recording equipment, 
such as a multiple-element oscillograph, 
high-speed watt-hour meter, motion pic- 
ture camera, etc.; cabinets for constant- 
temperature storage of specimens, and for 


Dr. S. L. Hoyt 
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Staff of the Division of Welding Research 


Left to right, front row: Mary A. Miller, Betty G. Day, Jean Kernahan. 


Graham, L. W. Harris, A. R. Meyer, D. C. Martin, A. M. Hall, J. J. Schlass. 
Lakin, C. B. Disbennett, J. F. Dethloff, P. J. Rieppel, J. W. Leezer, J. L. Zambrow, R. D. Williams. 


constant-temperature-humidity storage of 
welding electrodes; electric muffle fur- 
naces for heat treatment; and numerous 
machine tools supplementing the more 
complete facilities of the Institute’s ma- 
chine shop. 


Personnel in Welding Research 


Early encouragement and guidance 
from Clyde Williams, director, Dr. O. E. 
Harder, assistant director, and Dr. S. L. 
Hoyt, technical advisor, have contributed 
much to Battelle’s growth in the field of 
welding research. Without Mr. Williams’ 
decision to inaugurate a division of welding 
research the scope of this growth would 
have been limited. 

The staff of the Division of Welding 
Research is headed by C. B. Voldrich and 
includes eight research engineers and ten 
technicians and assistants. In addition, 
Chester R. Austin, supervisor of ceramic 
research, Clarence E. Sims, supervisor 
of research in steel processing, Dr. Howard 
W. Russell, assistant to the director and 
chief physicist, Dr. Bruce W. Gonser, 
supervisor of nonferrous research, and 
others are instrumental in the progress of 
current welding and brazing investigations. 


C. B. Voldrich 
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,rection of Dr. Hoyt. 
-University of Minnesota, Dr. Hoyt also 


Mr. Voldrich is a graduate of Purdue 
University and the University of Wiscon- 
sin. Prior to coming to Battelle in 1941, 
he was associated with the Bureau of 
Ships, the A. O. Smith Corp., and the 
Portland Cement Association. He has 
specialized in welding metallurgy and 
structural engineering, and is a member of 
the AMERICAN WELDING Society, Tau 
Beta Pi and Sigma Xi, and takes an active 
part in the work of the technical commit- 
tees of the former and of the Welding Re- 
search Council. 

R. D. Williams is assistant supervisor 
of the Division of Welding Research, and 
is a graduate of Harvard and Massachu- 
setts Institute of Technology. Prior to 
coming to Battelle in 1942, he had been on 
the teaching staff of the University of 
Illinois. He is a member of the AMERICAN 
WELDING Society, American Institute of 
Mining and Metallurgical Engineers and 
American Society for Metals. 

The success of many of Battelle's early 
projects concerned with weldability can 
be attributed to Dr. Harder. A graduate 
of the University of Oklahoma, he received 
his doctorate from the University of Illi- 
nois in 1915. Following several years of 
research for various industrial concerns, 
he became professor of metallography at 
the University of Minnesota, a position he 
held until he became associated with 
Battelle in 1930. 

A past-president and Howe Medalist of 
the American Society for Metals, Dr. 
Harder has been active in several technical 
societies. In addition to the American 
Society for Metals, he is affiliated with the 
American Chemical Society, the American 
Society for Testing Materials, the Ameri- 
can Institute of Mining and Metallur- 
gical Engineers, the American Association 
for the Advancement of Science, the So- 
ciety for the Promotion of Engineering 
Education, Alpha Chi Sigma, Phi Lambda 
Upsilon and Sigma Xi. He is the author 
of several books and numerous bulletins 
and technical papers on metallurgy. 

In recent years, much of the welding 
research has been under the general di- 
A graduate of the 


attended the Charlottenburg Technical 
School and Columbia University, receiv- 
ing his doctorate from the latter school in 
1914. Prior to joining the staff of Battelle 
in 1939, he was successively assistant and 
associate professor of metallography at the 
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University of Minnesota for six year 


articles on metallurgy, Dr. Hoyt 


Second Row: R. W. Bennett, W. / 
Third Row: C. B. Voldrich, C 
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search metallurgist for the General Ek 
tric Co. for eleven years; and resear 
metallurgist and director of metallurgic: 
research for the A. O. Smith Corp 
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trial science, particularly in the field 
metallurgical control in the fabricati 


steel products, the fabrication of stain 


steel vessels for the chemical industry 


steel welding, steel quality control, 1 
alloys, 
carbides and impact 
He is a member of the America 


heat-resistant 
tungsten 


ing practice, 
mented 
testing. 


nelt 


Society for Metals, the American Inst 
tute of Mining and Metallurgical Eng 


neers, the British Institute of Metal 


} 


American Welding Society and Sigma X 


Papers on Welding Subjects Published b) 


Battelle Staff Members 


Those referred to in this article: 


1 Defects in Weld Material and Hydroge: 


Steel, by C. A Zapffe and C. E. Sims 


WELDING JOURNAL, vol. 19, October, 194! 


377-s to 395-s 
9 


C. E. Sims and F. B. Dahle 


October, 1941, pp. 540-s—512-s 


2 Welding Aluminum-Containing Steel 
WELDING RESEARC 
COMMITTEE, ENGINEERING FOUNDATION, 


3. Weldability of Carbon-Manganese Stee 
Weld-Bead Hardness and Weld-Bead Bend Test 


by Oscar E. Harder and C. B. Voldrich 


WELDING JOURNAL, vol. 21, 1942, pp. 450-s-46t 
4. Weld-Bead Hardness Tests on Some Car 
bon, Nickel and Nickel-Chromium War Depart 
ment Steels, by Oscar E. Harder and C. B. Vold 
rich. THe WELDING JoURNAL, vol. 22, October 


1943, pp. 441-s—450-s. 


Weldability Tests of Aircraft Structur: 
Steels, by C. B. Voldrich and R. D. William 


THE WELDING JOURNAL, vol. 22, November 
pp. 545-s-554-s. 

6: Metallurgical Factors of 
Banta, Metals Technology, vol. 12, June 
Technical Publication 1847 
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Effect of Recent Research on the 


Weldability and Control of the 


Production of Steel Aircratt Tubing 


By Arthur J. Williamson’ 


Part I 


Introduction 


WO years ago, the Office of Production Research 
and Development, through the facilities of the 
Battelle Memorial Institute, initiated a research on 
the weldability of low-alloy steels. The results of this 
investigation have been given in a recent paper entitled 
‘Metallurgical Factor of Underbead Cracking” by 5S. L. 
Hoyt, C. E. Simms and H. M. Banta; a Preprint of the 
\merican Institute of Mining and Metallurgical Engi- 
neers, Technical Publication No. 1847. The present 
paper is a critical review of the results of this research 
and the data herein contained have been taken from this 
AI.M.E. publication, in addition to the detailed results 
contained in the final project report. 
At the outset of the war, practically all fabricators of 
metallic materials realized that welding was going to play 
a big part in the production of matériel for war. The 
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t Chairman of a project committee, appointed by the War Metallurgy 
Committee, to act in an advisory capacity to the Office of Production Research 
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aircraft industry, confronted with the making of 50,000 
airplanes per year was among the first to acknowledge 
the importance of proper welding. The problem of the 
training of welders to do the job was also huge. 

Although the fundamentals of welding have been 
known for a long time, it is not believed that they have 
been appreciated by the men who do the welding as 
much as they should have been. This is perhaps because 
of lack of education. Plant management has also been 
reluctant to adopt safe welding practice particularly if 
superficially it did not appear too important. Seemingly, 
post heating, preheating and controlled cooling are 
looked upon as unnecessary expenditures. It is ex- 
tremely difficult, in the welding of other than low-carbon 
steels, to make the welder fully realize the importance of 
the metallurgical considerations involved when he begins 
to heat metal with an oxyacetylene flame, or when he 
strikes an arc. 

Although it may be disputed, the welding of low-carbon 
steel is relatively simple when compared to the welding 
of the low-alloy, high-strength steels with carbon con- 
tents of approximately 0.30% and over. 

There has been much written in the literature during 
the past 20 yr., both in this country and abroad, as to'the 
causes and prevention of the so-called ‘“‘welding crack”’ 
in the alloy steels noted above. The 
problem has been particularly trouble 
some in the aircraft industry where 
§ these low-alloy, high-strength steels 

(e.g., X4130), especially where sheet 

and tubing of relatively light gages 

are used. 
es When the Project Committee was 
appointed by the O.P.R.D., one cf 
the problems with which it was pre- 
sented was “‘weldability.’’ There were 
several phases of this problem; for 
example, the Ordnance Department 


Showing Crack rfa se ( 
P snd Etch. of the U. S. Army had some fabrica- 
Fig. 1—Circular Bead Deposit Test Specimens tion difficulties in the making of gun 
7 mounts, tank parts, etc. The aircraft 
the first two photographs above show front and back views of weld test specimens : 


] 


irom the crack-sensitive steel 581. Note the crack as located by the arrows in the back 
view. These cracks were not visible on the bead side but occurred on the backside of 
the same relative position with 
respect to the starting point of the bead, roughly between the limits of 90 and 200°. 
from both 581 and 557 


each 


h specimen. In each case the crack was located in 


‘umerous fine cracks were found in the bead side of specimens 


industry had many problems in the 
manufacture of engine mounts, fuse- 
lages for training planes (which are 
practically all tubing construction), 


amples after surface grinding and et shing. However. these cracks are much too fine landing gear struts, all of which are 
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‘0 be seen in the third view shown above. (Taken from Project NRC 514 WPB ) 


made from tubing welded assemblies. 
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With these problems in mind, one project was set up 
on welding called ‘Investigation of the Welding Quality 
of Low-Alloy High-Strength Steels’ with which the 
writer was particularly interested and took an active 
part. This work was conducted at a research institution 
where this problem was approached with a fundamental 
treatment and although not new, it was attacked with a 
new conception and method of explanation. Certain 
factors which appeared to be mysteries were explained 
by the application of fundamentals of physical chemistry 
and metallurgy. Only arc-welding effects were studied. 

The details of this work should be of interest to every- 
one in welding, and it is hoped that the points covered 
will not be too theoretical so that even the man who has 
only a little knowledge of chemistry and metallurgy will 
be able to understand and appreciate these results. 


Crack-Sensitivity Specimen 


Record Card with Scotch 
After Magnafluxing 


Tape Transfer of Cracks 
Fig. 2 
(Taken from Project NRC 514 WPB) 
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ANGULAR POSITION OF CRACKS 


Fig. 3—This Frequency Curve Shows That the Occurrence 
of Cracks on the Backside of the Test Specimen Is at a Minimum 
Between 30 and 40° from the Start of the Bead 


(Taken from Project NRC 514 WPB.) 


Standard Sample—Cracking Measurements 


The first work of the committee, assigned to solve the 
problem was, to procure from the field, samples of ma- 
terials which appear to have given trouble in welding. It 
was extremely fortunate for the committee to find two 
steels, submitted by an interested party, one of which 
seemed to always produce cracking in arc welding, where- 
as the other, under the same conditions, did not. Hav- 
ing the advantage of choice samples, and sufficient 


WELDING RESEARCH SUPPLEMENT 
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DILATATION 


Fig. 4—Dilatometer Cooling Curves for Both the Slow and 
Rapid Thermal Cycles, of Steels 557 and 581 


(Taken from Tech. Pub. 1847 A.I.M.M.E.) 


quantities with which to experiment, the committee was 
for a long time determining a type of laboratory test t 
use which could reproduce similar results every time the 
sample or test was repeated. The committee finally 
decided upon the use of a 2-in. square plate, '/s-in. thick. 
Upon this plate, under controlled conditions, a welding 
bead was deposited in a circle of approximately 1-in 
diameter. The specimens were from two different heats 
of X4130 and were designated as heat 557 (good) and 
heat 581 (bad). Figure 1 shows the type of specimen and 
bead deposit. Specimen was polished on the backside 
and etched to show the degree of cracking on the under- 
side of the plate. Jt was important to note that sometime: 
the cracking occurred very shortly after welding and in 
other cases the cracking took several hours to many day: 
before cracking was made evident. 

Figure 2 shows more clearly the type of cracking on 
the underside of the bead deposit after magnetic inspec- 
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Fig. 5—Typical Time-Temperature Heating and Cooling Cycle 
for the Rapid Dilatometer Test 


(Taken from Tech. Pub. 1847 A.I.M.M.E.) 
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Fig. 6—Dilatometer Cooling Curves for Steels 617382 and 
41319. Note the Great Difference in the Dilatometer Curves, 
Depending Upon Prior Heat Treatment 


(Taken from Project NRC 514 WPB.) 


tion. This figure also shows the manner of making 
records as to the degree of cracking on these specimens 
measured in circular degrees. 

Figure 3 shows the frequency of the occurrences of the 
cracks with respect to the start of the bead. One will 
note the frequency of the cracks approximately 180-300° 
from the starting point of the bead. One will also note 
the low number of cracks at a position of 30° from the 
start. It is reasonable to believe that the absence of 
cracks in this 30° region is caused by the heat input of the 
arc when the end of the weld bead is approached and the 
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Steel 617382—Insensitive 


Fig. 7—Microstructures of the 0.065-In. Gage Steels. 
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DILATATION 
Fig. 8—Dilatometer Cooling Curves 


The above cooling curves show the effect that structure has upon 
the response of the steels to rapid heating immediately followed by 
air cooling. Note the spheroidizing treatment has elim inated any 
evidence of the AR; and AR, points which are obvious in the case 
of the normalized steels. It is of interest to note both steels showed 
similar temperature-dilation characteristics after having received 
the same thermal treatment. (Taken from Project NRC 514 WPB.) 
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STEEL 58! 


closing of the circle results in some tempering of the pre- 
viously deposited bead. 


Dilatometer Studies 


After considerable study and looking for a solution 
for the reasons for the repeated cracking of one steel as 
opposed to the other, a thorough study was made of the 
steelmaking practice, hardenability, chemical analysis, 
metallurgical examination, etc. It appeared that there 
were not sufficient differences between the two steels 
excepting in the metallurgical structure. It was noted 
that the steel which contained the largest carbide 
particle size resulted in less cracking than one with a 
finer carbide particle. Substantiating this evidence, 
cooling curves were run on a dilatometer and are shown 
in Fig. 4. One will note that the normal manner of 
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Steel 41319—Crack Sensitive 
Longitudinal Sections Etched in Nital at 1000 x 


In the above two steels the carbide particles are smaller and better distributed in the crack-sensitive steel 41319 


than in the companion steel 617382. 
1945 
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(Taken from Project NRC 514 WPB.) 
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OISTANCE IN INCHES 
Fig. 9—Hardness Study Across Bead Deposit 
Note the hardness values in the hardened zone for normalized 
and for spheroidized conditions for two steels. (Taken from Project 


NRC 514 WPB.) 


running dilatometer studies showed the good steel to 
have a lower AR; point than the one which produced 
cracking. This could not be reconciled with the carbide 
size and rate of solution. It was then conceived that 
dilatometer studies would have to be made to simulate 
those conditions that occur in arc 
welding; that is, extremely rapid 
heating and relatively fast cool- 
ing. This resulted in incomplete 
carbide solution thereby forming 
a higher temperature and lower 
carbon austenite. A method was 
devised to accomplish this and 
again referring to Fig. 4, one will 
note that the AR; points are now 
reversed for the two steels, thus 
substantiating the metallurgical 
findings. 

Further experimenting revealed 
that the steel which produced 
cracking in the as-received condi- 
tion could be made insensitive to 
cracking by certain heat treat- 
ments, etc. 

Figure 5 shows the typical heat- 
ing and cooling curve in the rapid 
dilatometer study. 

Figure 6 shows another set of 
dilatometer curves for two other 
steels with divergent cracking 
tendencies, showing the great dif- 
ferences in the Ar; points with 
different methods of heating. 
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Hard Zone in Spheroidized Steel 557 


Relatively large carbides will be noted in the spheroidized specimen. Ur 
carbides were not found in the normalized specimen. 
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Statistical Data 


After considerable thought and findings it became ey}. 
dent that some standard method for indicating the crack 
sensitivity of a steel should be evolved. A statistica| 
expert worked out a method whereby he assigned a value 
of 1.00 to the best steel originally found in this investiga 
tion and then using the cracked measurement heretofore 
described, he was able to assign definite values to any 
steel under study with respect to the value 1.00. Thus, 
there was a method for rating crack sensitivity and as 
the number became less than 1, it indicated more crack 
sensitiveness. For example, if a steel had a crack sensi 
tivity of 1.10 it meant that it was not as prone to crack 
in welding as one with a rating of 0.90. This reversal of 
figures may appear inconsistent and confusing at times 
however, it is important to fix this in one’s mind for 4 
study of curves and figures in this report. 


Metallographic Studies 


Figure 7 shows the spheroidal carbide structure in two 
steels, one being crack sensitive while the other was in 
sensitive. These were studied in very light gages 
(0.065 in. gage). One will note that the insensitive stee! 
shows coarser carbide particles that are not too well dis 
tributed as compared to the crack-sensitive steel showing 
a very fine carbide, well distributed. I. this latter case, 
the normal welding cycle would result in almost complet: 
solution of all carbides, resulting in a higher hardnes: 
martensite. 

Figure 8 shows the effect of normalizing on steels 557 
and 580 in regard to the Ar; points. Although there dees 
not appear to be any differences in the Ary points, in 
the normalized conditions, there is a decided difference 
in the spheroidized condition. It is believed this is a 
point to be remembered for later emphasis. 

In Fig. 9 one will note the differences in weld harden- 
ing on normalized and on spheroidized specimens. Thc 
hardness is appreciably greater in the normalized cond: 
tion, thus a confirmation of previous findings. 

Figure 10 shows the martensitic structure in the hard 


Hard Zone in Normalized Stee! 5 


Fig. 10—Structures of Hard Zones at 1000 x 


‘The above photographs show the hard structures found in the heat-affected 
circular bead crack sensitivity test specimens. The above specimens were 1! 
used for the hardness studies -h 
point where the bead was started. 


wn in Fig. 22. Both pictures were made 180° fr 
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Fig. 11—Dilatometer Cooling Curves Showing the Effect of Aluminum and Titanium Additions 
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zones of the weld of steel 557 in the spheroidal and in the 
normalized conditions. It is to be noted that there are 
islands of free carbide remaining in the microstructure in 
the spheroidized steel showing that incomplete solution 
of previously existing carbides is present, whereas there 
are no such islands in the normalized condition. Thus, 
there is less effective carbon in the martensite resulting 
from the spheroidal steel and thus a lower hardness. 


Effect of Steelmaking Practice Aluminum 


At this point the committee decided that a lot more 
work was necessary and it was decided to look into steel- 
making practice as a possible control for weld cracking. 
It is known that the use of aluminum promotes lower 
hardenability presumably by increasing abnormality 
and by causing formation of more stable carbides. An 
induction heat of steel was made to which was added 
varying amounts of aluminum. The first sample con- 
tained no aluminum, the second 1'/, Ib. of aluminum, 
the third 1'/, Ib. aluminum plus 9 Ib. of titanium, per 
ton. The cooling curves for these three samples are 
shown in Figure 11. One will note that the AR; points 
in the steel to which aluminum is added are considerably 
higher than the one to which there is no aluminum con- 
tent. 


Figure 13 shows the hardenability curves for these 
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he Stress-Strain Characteristics 
The Plotted Load Values Multi- 
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(Taken from Project NRC 514 WPB.) 
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same three samples and one will note the little difference 
between the first two curves but a considerable drop in 
hardenability with 1'/. Ib. of aluminum plus 9 Ib. of 
titanium per ton. Figure 12 shows the stress-strain 
curves for normalized, and normalized and drawn 
samples of these aluminum and titanium treated steels. 
These stress-strain curves bear out the hardenability 
curves shown in Fig. 13. 

It was interesting to note that on these three sample 
lots there was a decided difference in the cracking 
tendency between the steel with no aluminum and that 
with aluminum and aluminum-titanium. The one that 
contained no aluminum cracked considerably. 

Figure 14 shows the photomicrographs for the steel 
containing no aluminum and that containing 1'/» Ib. per 
ton. One will note the decided difference in the particle 
size and distribution of the spheroidized carbides. This 
ties im with the findings of the early part of this report. 

Figure 15 shows the same two steels after normalizing. 
It is to be noted that the steel containing no aluminum 
shows a typical normalized well-defined structure where- 
as the steel containing 1'/, Ib. aluminum does not show 
this type of structure but shows more free ferrite and 
agglomerated carbon areas. This condition is what one 
would normally expect to find based on the other data, 

On another set of samples with six varying aluminum 
contents it was found that the crack-sensitivity index 
increased with increasing aluminum content. 


489-5 


ly | | 

1S, | 
tk | 

vo 
n 7 

iS \ 
| 
| 

| | IN’ T Ws 

es + ° 
j 

( + | 4 } 

at + + | 

iga | | | 
1; 
rd 

R 


5 END QUENCH HARDENABILITY 
HEAT 9626-1 


NO ALUMINUM ADDED 


HEAT 9626-2 
ALUMINUM PER TON 


HARONESS ROCKWELL SCALE 


of 


HEAT 9626-3 


LBS ALUMINUM PLUS 
* 9 LBS OF TITANIUM PER TON 


50 40 125 150 175 
DISTANCE FROM QUENCHED END IN INCHES 


' Fig. 13—-The Above Curves Show That Steels 9626-1 and 2 
Have Practically Identical Hardenability, Although Differ 
Widely in Their Cracking Characteristics 


(Taken from Tech. Pub. 1847 A.I.M.M.E.) 


Aluminum vs. Cracking-Effect of Sulphur 


Further studies were made with aluminum and the 
combination of aluminum and sulphur on crack sensi- 
‘tivity. Sulphur is known to have a grain refining effect 
‘and some effect on abnormality. Also the effect of sur- 
face pinholes in the welding bead was observed and cor- 
related with aluminum and sulphur combinations. In 
‘all cases, the aluminum is shown as the acid soluble. 

Figure 16 depicts the relationship between crack sensi- 
tivity and aluminum content and also the effect of heat 
treatment on crack sensitivity. One will note that on 
the hot-rolled and normalized specimens there was no 
‘change in the crack sensitivity for the steels studied. 
However, when annealed to produce the proper carbide 
vecondition then normalized, the crack-sensitivity index 
increased, thus showing a less tendency to crack with 
increasing aluminum content. 

Figure 17 shows the combination of aluminum and 
‘sulphur contents on crack sensitivity. For the values 
‘indicated the higher the aluminum content with the same 
sulphur content, the greater the possibility for resistance 


WELDING RESEARCH SUPPLEMENT 


to cracking. However, weld porosity increased as the 
combination of sulphur and aluminum increased and jg 
shown in Fig. 18. The surface pinhole effect is also showy 
in Fig. 19 on the weld bead. 


Cracking of NE Steels 


In order to determine the effect of titanium and carbide 
size on another steel, samples of NE 8635 steel were 
produced,and one will note in Fig. 20 that the effect of 
both titanium and various sizes of carbides have very 
decided effects upon the Ar; temperatures. It was 
found also that the results of this particular study con. 
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Fig. 14—Note Difference in Carbide Size in the Microstructures 


(Taken from Tech. Pub. 1847 A.I.M.M.E). 
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(Taken from Tech. Pub. 1847 A.I.M.M.E.) 
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Fig. 16—The Above Graph Shows That the Crack Sensitivity 
Decreases with Aluminum Content Only When the Steel Is 
Annealed Prior to Normalizing 


(Taken from Tech. Pub. 1847 A.I.M.M.E.) 


firmed the results of previous studies in that as the 
titanium was increased and the carbide particle size in- 
creased, there was decidedly less cracking. 

It was interesting in this study to note that NE 8630 
steels with carbon as high as 0.40 showed less cracking 
tendency than the X 4130 heats. 

To further prove the results of previous studies, three 
commercial heats of NE 8630 were obtained and were 
designated in this report as numbers 6, 8 and 10, Num- 
bers 6 and 8 were relatively insensitive to cracking hav- 
ing indexes of 1.04 and 1.10 whereas steel number 10 
was more sensitive to cracking with a rating of 0.95. 

Rapid dilatometer studies 


were made on these three 
steels and are shown in the 


curves on Fig. 21. One will 


again note the two steels hav- 


ing the higher crack insensi- 


tivity show the higher AR; 


pa temperatures. Allother prop- 


RY erties of these three steels 
were quite similar, so much 
0 ‘ a so, that nothing could be 

gleaned from those properties. 


It would thus appear that 
this test for welding crack 
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sensitivity is very impor- 
tant in picking out objection- 
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Oo able steel. 


Figure 22 shows the effect 
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manganese contents in the 
three NE 8630 steels men- 


tioned above: when plotted 
against the index of crack 
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Fig. 17—Curves Showing the Effects of Sulphur and Aluminum on Crack Sensitivity 


(Taken from Project NRC 514 WPB) 
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sensitivity. These curves 
show the strong influences of 
both manganese and other 
hardenable elements. 


040 042 044 O46 046 


49l-s 


re 

| 

| 

es 
ER 


'N SIX SPECIMENS 


SURFACE PINWOLES - TOTAL 


00 TO ‘ALUMINUM 


| | 


Os 
SULPHUR CONTENT 


Fig. 18—The Above Curves Show the Effect of Sulphur and 
Aluminum Contents Upon the Occurrence of Surface Pinholes 
in the Weld-Deposited Metal 


(Taken from Project NRC 514 WPB.) 


Post Heating 


In the past several years there have been two schools 
of thought on the subject of heating after welding and the 
effect of such on the weld cracking tendencies. This 
problem was investigated quite completely in this 
project and after many studies, findings represented by 
a series of curves were plotted which took into considera- 
tion the crack-sensitivity test as a criterion for the deter- 
mination of cracks. Such a series of curves is depicted 
in Fig. 23. The one curve showing a crack index equal to 
+0.40 shows that the crack sensitivity was increased by 
that amount for times and temperatures shown on the 
graph. In other words, if a steel had previously shown a 


crack index of 0.90; with post heating, it became 1.30 
which is extremely good. All tests were made on steel 581 
which was the steel designated as crack sensitive in the 


Fig. 19—-The Above Specimen Numbers Correspond to the Amount of Aluminum Used 


for Deoxidation. 
Steels, Specimens 4, 5 and 6 


(Taken from Project NRC 514 WPB.) 


Note the Surface Pinholes in the Weld Beads on the High-Aluminum 
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NOREASING CARBIDE SIZE 

Fig. 20—Effect of Carbide Size and Titanium Upon the Ap- 

parent AR; Temperature of Spheroidized Steels 
(Taken from Project NRC 514 WPB.) 


early part of this report. As a further interpretation o/ 
this curve, it is expected that all conditions of time and 
temperature existent to the right of this curve would as- 
sure freedom from welding cracks whereas everything 
to the left would not. The other curve on this san: 
figure indicates areas which are softer than a Vicker’s 
hardness (300) and probably would not have any com 
mercial interest. 

In general, it can be said that the most favorable post 
heating conditions can be obtained from the S-curve for 
the particular steel under study and that the most satis 
factory results corresponded to the conditions in the 5- 
curve which were most favorable for the formation of 
bainite. 


Hardness vs. Cracking 


In the study of the hardness vs. the occurrence of 
cracking there was good correlation 
between extremely hard or soft ma 
terials. However, it was found that 
in the range of hardness between 
500 and 575 Vickers, there was 
considerable variation in the crack 
ing sensitivity. It was concluded 
that the reason for this condition was 
‘that alpha-martensite was prone to 
crack whereas the beta-martensite 
had a tendency to resist cracking 
under the same hardness conditions. 
This correlation of weld hardness 
with crack sensitivity is shown in 
Fig. 24. 


Additional Data 


Substantiation of the effect of post 
heating in the welding of low-alloy 
steels was shown in a paper “The 
Effect of Post Heat in Welding 
Medium-Alloy Steels’ by Pugacz, 
Siegel, Mack at the Naval Research 
Laboratory In this paper it was 
found that correlation of time and 
temperature vs. bend tests gave good 
indication of the value of post heat 
Figure 25 shows a whole series of 
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Fig. 21—Cooling Curves of Three Commercial Heats of NE 8630 


Note that transformation starts at a higher temperature in the insensitive s 
8 as compared with the more sensitive steel No. 10. 


post heating conditions for various steels. The simi- 
larity of findings, for like steels is interesting, when com 
pared with the findings of the project of WPB. 

In this article it was concluded that proper times and 
temperatures are important to realize maximum benefits 
from post heat. The time of post heat should be long 
enough to permit complete austenitic transformation. 
lt is indicated, that with post heat considerations, it 
may be possible to improve design and take advantage of 
some weight saving. 

It can thus be seen that the proper post heating under 
controlled conditions can overcome nearly all possible 
dificulties that occur in welding and also eliminates the 
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Fig. 22—The Strong Influence of Manganese Content Upon 
Crack Sensitivity Is Illustrated in the Above Curves 


it will be noted that the carbon equivalent and manganese 
content curves are practically parallel, indicating that the man- 
ganege content is the principal variable among the elements used 
‘0 cofnpute the carbon equivalent values. The latter values were 
ietermined by the following empirical formula: 


MN , CR , MO , NI. 
Carbon equivalent = C + + 


(Taken from Project NRC 514 WPB.) 


els 6 and 


(Taken from Project NRC 514 WPB.) 


variable that one gets from heat to heat irrespective of 
best controls. 

In summary, it is pointed out that this study has 
given more insight into the why’s of what makes things 
happen than anything which has been presented before. 


Fig. 23—Curves Showing an Improvement in Crack Sensitivity 
Index Equal Plus 0.40 Accomplished by Post Heating 


cia Val 


« 
iaken trom rroject 114 Wert 


WELDABILITY AIRCRAFT TUBING 


RS) 
| | ] T 
| | | | | af 
wa 
| } | EEL NO 6 
} | | | | 
00 + + + + + AR 4 
3 + + + + + + + -—+ + + + +—+4+- 
| ARy | = 
+ + + + + + + + + + + + + + +— + + + + 
100 — +—- + + + + + Mad + + + + + + + + + 4 
| | | | | 
| | | | | 
> + + + + + + + + + + + 4 4 + + + + + + + 
ws | | 4 
I ls + + ; + + + + + + —_+ + + + = + + + + + + + + + + ; + + 4 
a 4 + + + + + + + + + + + + + } } 
| | | 
+ + + + — —+4+—+—- + + + + + + + 
—+ 4 4 + + 4 4 4 + + 4 4 4 4 + 
| ; 
| 
| | | 
S- oc 
| 
n 
st 
or 
> 
S- 
of 
VICKERS HARDNESS » 
of 
| 
4 
900) | 
CRACK «+40 
———FULLY SOFTENED | 
it 
n 
| 
Ss ~ | 
ig | 
3 | 
3s » 
n 
+ + + + + + + + 60 
2 - 4 i" 4 4 + + + + + + + + + + + + = 
= = 00 CRACKED REGION 
om 100 os 
— 
st 
= { 
g 
| 
I, 
© $456 680 0 DAO! 2 3 456 
‘SECONDS MOUTES HOURS 
d TIME OF POSTHEA 
if 
+, 
493-s 
cas, mA 


amas 


130 HIGHER LIMIT 


LOWER LIMIT 


— 

z 

> 

> 110 

= 

LEGEND 

a © 1 SECOND 
1 05}-— 4 3SECOND 
© 8 SECOND 
x 20 SECONO 
= 100 + 1 MINUTE 
Fd v 3 MINUTE 
= 24 HOURS 


FIGURES SHOW TEMPERATURE 
IN HUNDREDS DEG F 


oF HARDNESS TO CRACKING 


NG RATIO 


init! 


20 300 350 400 


This information makes available to the steel maker 
something concrete which he can do to a steel to sell his 
product in the best possible condition for best weld- 
ability. In addition to this, it gives the fabricator or 
manipulator of this product who takes the material from 
the steel mill and makes it into a product which is in 
such a shape or form that it can be installed into a struc- 
ture by welding. The purchaser of that material will be 
reasonably sure that with the controls of the steelmaking 
and further control on the fabricated product, that he 
will have a minumum of difficulty in the welding pro- 
cedure. 

If then difficulty is still experienced, the physics of the 
post heating technique is made available so that welding 
problems can be eliminated right in the place where they 
occur. 


Part II 


Steel Aircraft Tubing 


The whole story of welding cracks ‘in aircraft tubing 
and sheet (X4130 and 8630, etc.) is very interesting and 
varied in the attempts that have been made to find out 
the real cause for their existence. The writer has been 
associated with this subject for approximately 6 yr. 
during which time this subject has been given a lot of 
concentrated thought by people all over the world. 
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Fig. 24—Correlation of Weld Hardness with Crack Sensitivity 
(Taken from Tech. Pub. 1847 A.I.M.M.E.) 


WELDING RESEARCH SUPPLEMENT 


There are two types of cracks existent; one type as- 
sociated with gas welding and the other associated with 
arc welding, the latter generally known as “hard cracks.’ 
The reasons for the occurrence of these two types of 
cracks are somewhat different. 

Approximately 5 yr. ago, most of the tube mills de- 
cided to adopt the use of electric furnace steel for the 
production of aircraft tubing. This meant that a better 
control could be obtained on the various chemical 
elements in steel and also that the sulphur content (a 
very important element in gas welding) could be brought 
down to a very small amount. 

In addition to this, and almost simultaneous with it, 
a control was put on the melting practice to insure fine 
grain steels as determined by the McQuaid-Ehp test. 
This grain size is controlled primarily by the use of 
aluminum and other certain features peculiar to steel 
melting. One can readily see that as a result of the re- 
search on the WPB project that the steps taken by the 
tube mills were in the right direction regarding aluminum 
additions to steel. 

The moves mentioned above, had a great deal to do 
with the reduction in welding cracks, however, there 
were still cases where there existed this phenomenon in 
spite of the best control on the steelmaking. 

Since arc welding has been the predominant method 
of welding for the past 2 to 3 yr., the presence of hard 
cracks has been evident and it was always puzzling as to 
why certain heats or lots of steel cracked whereas others 
did not, even though all factors were nearly equal. 
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It was thought at one time that 


the tubing used in aircraft con- SAE 4140 


SAE 43400 
SAE 4150 (NI) SAE 4360 @<—— 


struction had to be in the normal- 


ized state and many tube mills 
produced tubing in this condition 


3 


underthatassumption. In normal- 
izing, however, it has been diffi- 


TEMPERATURE 


cult to consistently produce the 4 


TEMPERATURE 


> 


yield strength requirements in the < 
Army-Navy specifications and this 


Uff 


has been no end of hardship to mills a 
using the normalizing practice. 
As more and more information SAE 2340 


0 7) 
Time 


SAE 
SAE 6150 -—-=— NE 9442 


developed as to the causes of weld- 
ing cracks and such vital informa- 


tion as found in this investigation, 
it became possible with a fuller + 


\ 


understanding of the whole problem 


to supply aircraft tubing in the cold- 
drawn and stress relieved condition, 


TEMPERATURE 


SS 
TEwPERATURE 


with increased confidence. Uf 


With the method of manufacture, a 


\ 


of 


and by supplying tubes in this con- te (wim) 


600 


Tree (rm) cam) 


dition, there is obtained a micro- SAE 4615 ——me 
structure which contains spheroid- 3140 SAE 1335 


ized carbides in the as-shipped 
material. The procedure for the 


manufacture of this grade of tub- 
ing is to draw with successive 
passes and subcritical anneals known ~ 


UMMM Ms Wl, 


is “process anneals’’ from an ap- 
propriate starting size which has 


> 


S 


been hot rolled and properly an- 


nealed before the start of the cold > , 


drawing. This combination of cold 
working and process annealing de- 
velops a spheroidal carbide condi- 
tion. The yield strength with good 


\ Yi 


nee (wim) 


Shaded Areas Indicate Zones of Completion of Transformation for Post- 


heating Time vs. Temperature 


elongation is readily obtained and Fig. 25—Note Post Heating Times and Temperatures for Various Steels 

the ultimate strength is not too (Taken from paper in The Welding Journal, October 1944, ‘Effect of Post 

high. Heat in Welding Medium Alloy Steels,’’ by M. A. Pugacz, G. J. Siegel, J. O. 
Figure 26 is a photomicrograph Mack.) 


showing a typical metallographic 
structure in finished aircraft tubing. 
Figure 27 shows a typical stress- 


¢ r* 
nd * 


Fig. 26—Note Spheroidized Carbides in Condition N Aircraft 
Tubing. Cold Work Is —- in the Microstructure 
x 


strain curve for cold-drawn and stress-relieved aircraft 
tubing. 

One will note, that based on this recent research, the 
structure is best for good weldability and that the me- 
chanical properties are excellent. With the proper selec- 
tion of electric furnace steel, controlled with selected 
amounts of aluminum, etc., there should exist the best 
possible grade of material for good weldability. Addi- 
tional improvement can come from the welder in the 
form of technique, post heating, preheating, etc. 

It can be readily seen that there is a considerable dif- 
ference between the grade of tubing produced before that 
time. It is felt that up to the present time, aircraft tub- 
ing mills, in general, have done everything in their 
knowledge to produce aircraft tubing which will render 
the best service in the field. At least, as much has been 
done regarding the steel quality, metallographic struc- 
ture and mechanical properties as gaged by the knowl- 
edge existent up to the present moment, as can be done. 
Further improvements, however, can be made regarding 
the general surface conditions and it is believed that 
drastic steps have been taken in this direction as well as 
in an attempt to eliminate decarburization or at least 
reduce both to a safe minimum. 

Thus it can be seen that a great deal of progress has 
been made and looking back it appears as though it has 
been in the right direction based upon constant research 
and findings as depicted in most recent data. 
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In conclusion, it can be stated that there will exiy 
between supplier and user a mutual confidence and under 
standing on problems which are and should always hay 
been mutual in the production of a product. The mor 
that the two parties can get together and understa: 
each other’s problems, the better will be the produc; 
It will be necessary to develop along strictly technic, 
lines so that each will understand the other’s languay 
This means that the tendency will be for better welding 
methods and it is the problem of the producer to furnis 
material which gives a minimum of trouble. 
only be done by mutual cooperation. 

The interest of the steel manufacturers together wit! 


This Car 


the tubing producer in an attempt to give the user wha; 
he needs or desires is a happy relationship that should } 
established immediately and continued in the postwar 


years, 


With this mutual cooperation, there can then be e 
pected a higher degree of safety in steel tubing structure 
on which there is employed good welding practice an 
good “‘tailor-made steel.”’ 


DAL ORMAT ION 


Fig. 27—Note Stress-Strain Curves for Normalized and for Cold- 
Drawn, Stress-Relieved 8630 Aircraft Tubing. Note the 
Differences in Proportional Limit, Yield Strength, etc. 


(Reference—Summeril! Research Laboratory) 


SOME SUGGESTED RESEARCH PROJ- 
ECTS OF A FUNDAMENTAL NATURE IN 
THE STRUCTURAL STEEL FIELD 


1. Interpretation of the Significance of 
Types of Fractures (Intercrystalline and 
Transcrystalline)—In some cracks that 
have occurred in construction and service 
and likewise in fractures produced by test- 
ting, there has been an inclination to at- 
tach a great deal of importance to the 
type of fracture. There seems to be a good 
deal of controversy as to whether the type 
of fracture has any significance with re- 
gard to the cause for the start of a crack or 
whether it simply reflects the speed at 
which the crack propagates, or possibly its 
inclination to propagate. Most cracks 
and fractures seem to start out and pro- 
gress for at least a short distance in a duc- 
tile mode, and then change to a brittle 
type of fracture. Perhaps the extending 
of notch-bar tests or weld-bead nick-bend 
tests into higher temperatures of testing 
such as 400° to 500° C., where intercrys- 
talline fractures of the ‘‘cleavage’’ type 
might again be encountered, might help 
to throw some light upon e€ proper 
method of interpreting the meaning of 
types of fractures. This kind of an inves- 
tigation might be more interesting to the 
Boiler Code Committee than to Structural 
Committess, although the exploration of 
the entire range of temperatures from sub- 
zero to 500° C. might give such an increase 
in understanding of fundamentals that it 
would be interesting to both groups. 

2. Correlation Between Fatigue Strength 
of Notched Specimens, and the Results of 
Notch-Bar Impact Tests or Nick-Bend 
Tests —There are a number of rather 
striking analogies between the effect of 
fatigue stressing and long period tests in- 
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volving plastic deformations, which may 
not be altogether a matter of coincidence. 
The influence of notches and their stress 
concentration constitutes major, if not 
predominating factors, in the behavior of 
steel under almost any condition of stress- 
ing. Some one outstanding variable 
property of the steel material might be 
found to be very important and have sig- 
nificance common to fatigue resistance, 
static strength as influenced by stress 
concentration, etc. 

3. Comparative Fatigue Strengths of 
Specimens at Higher and Lower Numbers of 
Repetition of Stress-~-There have been 
several instances in the fatigue testing 
program at the University of Illinois, 
where two groups of specimens have been 
compared, the specimens in each group 
being thought to be identical, with the 
result that one group or type showed a 
higher fatigue strength at a low number of 
cycles than the other, but showed a lower 
fatigue strength than the other group 
when the number of repetitions was high. 
Since each group contained several identi- 
cal specimens, it leads one to believe that 
there may be some fundamental character- 
istic that can cause the kind of results that 
have been mentioned, whereas we have al- 
ways believed, that whatever features 
might reduce the fatigue strength at a 
lower number of cycles would have an effect 
of comparable severity for a larger number 
of repetitions of stress. 

4. Mechanism of Compression Fatigue 
Failure at Points of Stress Concentration 
such as at the End of a Partial Length Cover- 
plate on the Compression Flange of a 
Welded Girder.—Such a failure has been 
experienced at stresses and numbers of re- 
petitions that were comparable to what 
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If all interested parties will accept reports such as this 
and make every attempt to fully understand the funda 
mentals which have been presented, there should result 
better understanding. 
production of matériel for war and for the many item: 
that will be produced or fabricated by welding in th: 
years of ‘‘Peace’’ to come. 


There should result increase 


would have been expected in the tensi 
flange of the girder, in some of the tests a 
the University of Illinois. It would | 
very desirable to know the exact mecha 
nism of such a failure. It is possible that 
the failure started in the weld and sprea 
into the base metal of the main flang 
especially in cases where the fracture o 
curs in a section through the root of th 
fillet weld across the end of the coverplat: 
rather than at its toe. 

5. Cause of the So-called ‘*Compressiw 
Sets’’ That Are Indicated by the Strain 
Gage Readings Taken on Transverse Bu 
Welds in the Box-Girder Specimen That 
Was Tested at the National Bureau | 
Standards.—Professor Hess of 
made a suggestion as to the possibl: 
cause for this phenomenon and his ex 
planation was submitted to the subcom 
mittee. There have been no remarks or 
further interpretations offered. The ques 
tion is whether the effect is principally 
one of residual stress, or one of geometrical 
constraint, or a cembination of both 
Perhaps this factor could be studied bette: 
by isolating it through incorporation | 
a less complex type of specimen. One 0! 
the advantages of a program, such as that 
at the National Bureau of Standards, | 
that it develops questions of a fundamental 
nature which are suitable for more funda 
mental research. 

6. Comparison of Efficiency of Diagona 
and Vertical Web Stiffeners for a Welded 
Girder, and Combinations of Diagonal ané 
Vertical Stiffeners—This is a project 
was started quite a while ago by Professor 
Jensen at Lehigh University. He now 
proposes to carry the investigation further 
to determine the best arrangement of stift 
eners. The project seems to be meritor' 
ous. 
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Effect of Phosphorus on the Properties and Welding 
Characteristics of Arsenical and Non-Arsenical Copper 
and on Copper-Silver Alloy Filler Rod 


By MAURICE COOK, D.Sc., Ph.D., and EDWIN DAVIS, M.Sc. 


HOSPHORUS deoxidised copper is being used to an 

increasing extent in place of tough pitch copper 
except in applications where the principal requirement is a 
high value for electrical or thermal conductivity. Its chief 
advantage over the tough pitch variety is that it can be 
much more easily welded and in most applications where 
copper is used, and welding is involved as the method of 
construction or jointing, phosphorus deoxidised copper 
is employed. 

Among the many factors which affect the quality of welds 
is the composition of the material being welded and of the 
filler rods or electrodes, but little information concerning 
the effect of phosphorus on the weldability of copper 
appears to nave been published. Small amounts of phos- 
phorus have an appreciable influence on the properties of 
copper, which, in turn, affect its welding characteristics and 
the properties of welded joints. The amount of residual 
phosphorus in copper deoxidised by the addition of this ele- 
ment depends on various factors involved in the production 
processes. It can, of course, be deliberately varied and it 
may also vary fortuitously. Generally, the phosphorus con- 
tent of deoxidised copper dues not appreciably exceed about 
0.1 per cent. 

Some information on phosphorus-bearing coppers has 
been reported by Hanson, Archbutt and Ford!', the effect 
of small amounts of phosphorus on the thermal and elec- 
trical conductivity of copper has been studied by Smith?, 
and Cook* has investigated the mechanical properties at 
normal and elevated temperatures of tough pitch and phos- 
phorus deoxidised arsenical and non-arsenical copper. 
SCOPE OF INVESTIGATION. 

The present paper is concerned particularly with the 
effect of small quantities of phosphorus on the properties 
and welding characteristics of both arsenical and non- 
arsenical copper, and on filler rod material, the range of 
prosphorus contents investigated covering amounts of the 
deoxidant likely to be present in the metal used for welding. 

Mechanical properties of the two varieties of copper in 
the annealed and cold rolled conditions, with phosphorus 
contents of from nil to 0.12 per cent., and their work hard- 
ening and annealing characteristics have been investigated. 
The physical and mechanical properties of 1 per cent. 
copper-silver alloy filler rod, with phosphorus contents 
ranging from nil to 0.20 per cent., have been compared in 
the wrought and cast state. 

Weld tests have been made to assess the effect of phos- 
phorus content on the weldability of 4” and %” thick 
deoxidised copper plate of both types, the resulting welds 
being subjected to tensile and bend tests and macro and 
micro examination. Similar tests have been carried out 
on welds of deoxidised arsenicai and non-arsenical copper 
of constant phosphorus content made with silver bearing 
filler rods with various phosphorus contents. 


PREPARATION OF MATERIALS. 


Deoxidised non-arsenical copper and arsenical copper 
plates, 4” thick, were prepared from cathode copper; 80 lb. 


_ heats of copper were melted under charcoal in crucibles 


* Reprinted from Transactions of the British Institute of Welding, Feb. 15, 1945. 
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heated in a coke fired pit furnace. The melts were deoxi- 


dised with appropriate additions of 15 per cent. phosphor- 
copper and poured into a cast iron strip mould 44” x 13” 
x 30”. To seven of the melts white arsenic was added 
prior to deoxidation. One non-arsenical copper and one 
arsenical copper were melted without any charcoal cover 
and no phosphorus was added, the conditions of melting 
being such as to result in an oxygen content similar to that 
of normal tough pitch copper. After removal of the gate 
ends, the ingots were hot rolled to 4” thick plate, 6” wide. 
The compositions of these coppers are given in Table I. 


TABLE I. 


COMPOSITION OF NON-ARSENICAL AND ARSENICAL | 4° THICK 
COPPER PLATES. 


Phos- 

Cast phorus Tin Lead Iron Nickel Silver Arsenic Other 
% % % % % % Impurities 
| nil® 0.005 0.005 0.005 nil 0.003 nil Manganese, 
2 0.034 0.005 0.005 0.003 nil 0.003 nil zinc, 

3 0.051 0.0) 0.005 0.005 nil 0.003 nil aluminium, 
4 0.078 0.005 0.005 0.005 nil 0.003 nil antimony 
5 0.105 0.005 0.005 0.010 nil 0.003 nil bismuth, 
6 0.120 0.005 0.005 0.005 nil 0.005 nil selenium 

— and tellurium 
7 nil®* 0.005 0.005 0.005 nil 0.003 0.45 Nil in 
8 0.023 0.005 0.005 0.005 nil 0.003 0.41 each 
9 0.046 nil 0.005 0.01 <0.01 0.003 0.39 copper 

10 0,062 nil 0.005 0.005 <0.0! 0.003 0.42 
il 0.080 nil 0.005 0.005 nil 0.003 0.43 
12 0.108 0.005 0.005 0.0! 0.005 0.005 0.41 
13 0.140 0.005 0.005 0.0! <0.0i 0.003 0.40 


* Oxygen 0.045% ** Oxygen 0.050% 


The material required for the determination of the 
mechanical properties, work hardening and annealing 
characteristics was further cold rolled to 0.150” thick, at 
which stage it was annealed for one hour at 550°C. 
Samples of each were then cold rolled to a maximum 
reduction of 90 per cent. in thickness. 

Hardness determinations were made on strip cold rolled 
10, 20, 50, 70 and 90 per cent. and the mechanical properties 
were determined on material in the annealed condition and 
after a 50 per cent. reduction by cold rolling. The ann«al- 
ing characteristics were determined on strip reduced 50 per 
cent. in thickness, small samples being annealed for periods 
of half an hour at temperatures over the range of 150 to 
900°C. 

Plates ;,” thick were rolled from refinery casts of non- 
arsenical and arsenical copper. In each instance one ingot 
of tough pitch copper 20” x 14” x 4” was cast, while a further 
16 cwts. were cast into pig moulds for subsequent remelt- 
ing and the preparation of a series of deoxidised ingots of 
varying phosphorus contents. Remelting was carried out 
under charcoal! in crucibles, the required amounts of phos- 
phor-copper added and the metal cast into ingots of the 
same shape and size as those used for the tough pitch 
coppers. These ingots, the compositions of which are 
indicated in Table II, were hot rolled to 7” plate, reheated 
to about 750°C and quenched in water to remove the oxide 
scale. 
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TABLE Il. 


COMPOSITION OF NON-ARSENICAL AND ARSENICAL 9/16" THICK 
COPPER PLATES. 


Phos- 


An- Bis- Ar- Other 
Cast phorus Zinc Tin Lead tron Nickel Silver timony muth senic Impurities 
No. % % % % % % % % % % 
nil nil 0.005 nil 0.003 0.003 0.001 nil Manganese, 
15 0.024 <0.0! nil nil | 0.01 nil 0.003 0.003 0.00i nil aluminium, 
16 0.060 <0.0! nil nil | 0.005 nil 0.003 0.003 0.00! nil selenium 
17 0.088 <0.0! nil nil | 0.01 nil | 0.003 0.003 0.001 nil and 
18 0.106 <0.0!1 nil | nil | 0.01 nil | 0.003 | 0.003 | 0.001 nil tellurium. 
19 0.128 <0.01 nil nil | 0.01 nil 0.003 0.003 0.00! nil Nil in 
each 
20 nil** nil | 0.005 0.005 0.005 0.11 0.003 | 0.003 0.001 0.35 copper 
21 0.022 <0.01 | 0.005 0.005 0.0! 0.10 0.003 0.003 0.001 0.36 
22 0.049 <0.0!1 0.005 0.005 0.005 0.12 0.003 0.003 0.00! 0.36 
23 0.076 <0.0! 0.005 0.005 0.005 0.09 0.003 | 0.003 0.001 0.38 
2 0.109 <0.0! 0.005 0.005 0.0! 0.12 0.003 0.003 0.00! 0.37 
2! 0.144 <0.0! 0.005 0.005 0.005 0.10 0.003 0.003 0.00! 0.37 


* Oxygen 0.043% . 


Copper silver alloy filler rods containing about 1 per cent. 
of silver and phosphorus up to 0.2 per cent. were made 
from cathode copper, fine silver and 15 per cent. phosphor- 


** Oxygen 0.038% 


Work hardening characteristics 
the alloys are illustrated graphically jy 
Figs. 1 and 2. The intrinsic hardness 
is progressively increased by the addi. 
tion of phosphorus, but the rate of 
work hardening is not appreciably 
affected. The arsenical coppers are 
slightly harder than the non-arsenica| 
and after 90 per cent. reduction by cold 
rolling, this difference for coppers of 
similar phosphorus content is of the 
order of 16 to 18 D.P. hardness 
numbers. 


MECHANICAL PROPERTIES OF NON-ARSENICAL AND Speeeeice. 
COPPER AFTER ANNEALING ONE HOUR AT 550°C, 


TABLE V. 


V and VI. 


MECHANICAL PROPERTIES, WORK HARDENING 
AND ANNEALING CHARACTERISTICS 


Results of mechanical tests on both types of copper in 
the annealed and cold rolled conditions are given in Tables 
These indicate that the tensile strength, limit 
of proportionality and 0.1 per cent. proof stress, both of 
arsenical and non-arsenical coppers as annealed and Cold 
rolled, increase with the phosphorus content, while duct- q 
ility as measured by the elongation values remains sub- 9 
stantially unchanged. For any given phosphorus content, 
the annealed arsenical coppers have a tensile strength 
about 4 to 1 ton greater than that of the corresponding 
non-arsenical coppers. 


j i j ; Limit of 
copper. The copper was melted in crucibles in pit furnaces | 0.1% | DP. 
and protected from oxidation by a thick charcoal cover. No. | phorus tionality | Proof Stress | Strength | gation | Hardness 
After the addition of silver and phosphor-copper the melts % Tons/sq. in. | Tons/sq. in. |Tons/sq.in.| %on2” | No. 10 Kg 
were cast into a 4” diameter billet mould. The billets were 1 nil 1.74 3.52 14.4 59.0 3 
reheated to about 850°C and hot rolled to #,” diameter rods | 
which were subsequently pickled and cold drawn without 4 0.078 1.82 4.04 14.8 57.0 55 
intermediate annealing to 4 s.w.g. and 5 s.w.g. rod, reeled, 4 
cut into lengths of 2 ft. and degreased. The compositions 
of the six copper silver alloys are given in Table III. 8 0.023 168 412 151 49.5 50 
9 0.046 i.73 431 15.3 49.0 54 
TABLE lil. 10 0.062 1.74 4.64 15.9 $6.0 $5 
0.080 4.90 16.2 
COMPOSITION OF 1% COPPER-SILVER FILLER RODS. $00 142 320 $9 
T 3 0.140 1.86 5.42 16.4 50.5 60 
Phos- Ar- | 
Silver phorus | | Impurities TABLE VI. 
26 = =—-1.02 | 0.005 | <0.0! 0.005 0.005 <0.01 nil | 0.005 | Manganese COPPER AFTER 50% REDUCTION BY COLD ROLLING. 
antimony, 
7 i . <0, i! lenium, Limit of 
Cast Phos- Propor- 0.1.% Tensile Elon- D.P. 
28 1.03 | 0.050 nil 0.005| 0.005! 0.005 nil nil | and No. phorus tionality Proof Stress | Strength gation Hardness 
bismu:n. % Tons/sq. in. | Tons/sq. in. Tons/sq.in.| %on2” | No. 1OKg 
2 <0. i) | 0.005 | Nil in all 
04 | 0.081 |<0.0i 0.005 | 0.005/ 0.005 nil = 2030 Bo 70 
30 | 10 <0. it | sil 2 0.034 12.26 22. 
1.06 | 0.102 | nil 0.005 | 0.005 0.0! 0.03 n =. 0.051 1270 2281 79 
i 09 . il 0. <0. . i! 4 0.078 12.62 23. 4. : 
31 0.95 | 0.190} nil 0.01 | n 
6 0.120 12.74 24.00 25.9 7.5 121 
Plate material for the experimental welding with these 7 nil 12.60 19.61 238 B85 123 
copper silver rods was prepared from two refinery charges = 
containing about 0.05 per cent. phosphorus and analytical 10 0.062 12:93 214 250 as 130 
i i i i 0.080 13.01 22.72 25.0 8.0 131 
data relating to these are given in Table IV. 
13 0.140 13.30 23.37 26.0 6.5 133 
TABLE IV. 
COMPOSITION OF PLATES FOR WELD TESTS WITH DIFFERENT FILLER 
Rowe. Annealing characteristics of the 
Cast | Phos-  Ar- An- Bis- Other materials reduced 50 per cent. by cold 
No. phorus senic Zinc | Tin Lead | tron | Nickel| Silver | timony | muth Impurities ‘ 
% % % % % % % % %, rolling are illustrated in Figs. 3 and 4 
| Manganese, for non-arsenical and arsenical copper 
nil | <0.01 0.005 0.005} 0.005 ni 0.003 nil nil selenium, 4 
tellurium and respectively. 
33 0.049 <0.01 0.005 | 0.005 | 0.005 | 0.13 | 0.003 | 0.00! | <0.00! | aluminium 
nil 
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PER CENT REDUCTION BY COLO AOLLING 
2. 


Addition of phosphorus to both non-arsenical and 
arsenical copper raises the temperature at which soften- 
ing commences. Thus, while a pure tough pitch copper is 
almost completely softened by annealing at 250°C, a copper 
containing 0.34 per cent. phosphorus does not soften fully 
until annealed at 400°C. Tough pitch arsenical copper 
commences to soften at 300°C and is virtually fully 
softened at 500°C, but the addition of phosphorus to the 
extent of 0.064 per cent. delays the onset of softening to 
about 390°C and the material is completely soft when 
annealed at 650°C. 

After annealing at temperatures in excess of 650°C the 
non-arsenical deoxidised coppers are softer than the cor- 
responding tough pitch coppers, but in the arsenical series 
this effect does not occur until the annealing temperature 
exceeds about 750°C. Fig. 5 illustrates the annealing 
characteristics of four out of the 11 coppers considered— 
namely, tough-pitch non-arsenical, tough pitch arsenical, 
deoxidised non-arsenical (P. 0.078 per cent.) and deoxidised 
arsenical (P. 0.08 per cent.), and shows clearly the effect 
of phosphorus and arsenic in raising the annealing 
temperature. 


ANNEALING CURVES FOR DEOXIDISED NON-ARSENICAL COPPERS 
WITH VARIOUS PHOSPHORUS CONTENTS—HALF HOUR ANNEALING 
PERIODS. ORIGINAL REDUCTION 50% 
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ANNEALING CURVES FOR DEOXIDISED ARSENICAL COPPER WITH 
VARIOUS PHOSPHORUS CONTENTS —HALF HOUR ANNEALING 
PERIODS. ORIGNAL REDUCTON 50%. 
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The grain size of both non-arsenical and arsenical copper 
is not markedly affected by the presence of phosphorus on 
annealing at temperatures below about 500°C. At higher 
temperatures, however, the grain size after annealing 
increases with the phosphorous content, and, as can be 
seen from a comparison of the grain size curves in the right 
hand portions of Figs. 3 and 4, the effect is more pro- 
nounced in the arsenical series than in the non-arsenical. 


COMPARISON OF ANNEALING CHARACTERISTICS OF TOUGH PITCH 
AND DEOXIDISED ARSENICAL AND NON-ARSENICAL COPPERS 
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PHYSICAL AND MECHANICAL PROPERTIES OF 
1 PER CENT. COPPER-SILVER ALLOYS. 


(a) Melting Range.—The use of copper-silver filler rods 
deoxidised with phosphorus is well established for welding 
copper, but no specific determinations of the melting range 
appear to have been made, though values for the liquidus 
varying from 8 to 20°C below that of pure copper have 
been quoted. According to the copper-silver equilibrium 
diagram, the melting range of 1 per cent. co per-silver 
containing no phosphorus is 1072—1077°C. Heating and 
cooling curves through the freezing ranges of the silver- 
copper alloys, the compositions of which are given in Table 
III, showed that up to 0.2 per cent. of phosphorus had little 
effect upon the melting range. 

(b) Density.—For successful welding, porosity in the 
weld metal must be reduced to a minimum, and attention 
was devoted to devising a method by which a strict com- 
parison of the density of the weld metal, when deposited 
by melting with an oxy-acetylene torch, could be made. 
The method described below was adopted because it was 
simple and at the same time representative of what might 
be termed ideal conditions for the deposition of weld metal 
using an oxy-acetylene torch. 

The mould consisted of a slot some 5” long, 4” wide and 
3” deep, semi-circular in cross-section, cut in a graphite 
block which had been previously heated to about 600°C to 
remove moisture and occluded gases. One end of the filler 
rod under test was placed at the right hand end of the 
mould and held in the left hand, as if a weld were to be 
made, and the mould was filled, steadily and continuously, 
with metal melted from the filler rod by a neutral oxy- 
acetylene flame. The small castings so prepared were 
used for density determinations, tensile tests, bend tests 
and microscopic examination. 


TABLE Vil. 


DENSITIES OF 1% COPPER SILVER ALLOYS IN ANNEALED AND 
DEPOSITED STATES. 


Cast Phosphorus Annealed | Deposited Weld 
No. % Rod Metal Metal 
26 0.005 8.941 | 8.671 8.602 
27 0.025 8.940 8.788 8.640 
28 0.050 8.944 8.724 8.620 
29 0.081 8.929 8.713 8.594 
30 0.102 8.931 8.350 8.210 


Density values obtained on this range of filler materials 
(Nos. 26 to 31) in the deposited state, in the form of 
annealed 4 s.w.g. rod, and also on samples of weld metal 
cut from welds in deoxidised non-arsenical copper (No. 32) 
made with them, are detailed in Table VII. The effect of 
phosphorus on the density of the materials in the wrought 
condition is, however, slight, but in the deposited state after 
an increase as the phosphorus is raised from 0.005 to 0.025 
per cent. the density decreases as the phosphorus content 
is increased. Similarly, with samples cut from welds the 


Fig. 6 
Porosity in deposited metal. Cast.No. 28 0.05% phosphorus (x 75) 


WELDING RESEARCH SUPPLEMENT 


highest density corresponds with a phosphorus content of 
0.025 per cent. and thereafter diminishes with increasing 
phosphorus content. The gas cavities causing the reduced 
density in the cast state were spherical in shape and did 
not appear to be associated with the dendritic structure 
of the casting. Figs. 6 and 7 illustrate the difference jn 
porosity in deposited samples of alloys containing 0.05 and 
0.19 per cent. phosphorus respectively. 


te 
‘ 
° 
Fig. 7 


Porosity in deposited metal. Cast No. 31 0.19% phosphorus (x 75) 


(c) Tensile and Bend Tests.—The tensile strength of 
each alloy was determined on 4 s.w.g. rod in the annealed 
condition (4 hour at 700°C), on test pieces machined from 
metal deposited in the manner already described, and on 
test pieces of all-weld metal cut from welds made with this 
series of filler rods in 4” thick deoxidised non-arsenical 
plate (No. 32). The results of these tests are given in 
Table VIII. 


TABLE Vill. 


TENSILE STRENGTH OF 1%, COPPER SILVER FILLER ALLOYS IN 
ANNEALED AND DEPOSITED STATES. 


Tensile Strength Tons/sq. in. 


Cast Phosphorus 

No. % Annealed Deposited All Weld Metal 
26 0.005 15.7 14.9 12.01 

27 0.025 16.0 15.3 11.94 

28 0.050 16.1 15.3 12.30 

29 0.081 16.2 15.1 11.52 

30 0.102 16.5 15.4 11.74 

31 0.190 17.8 15.9 10.01 


All the materials in the deposited and annealed condi- 
tions withstood bending through 180° without fracturing. 
The results of bend tests at temperatures in excess of 
1000°C, below which temperature no failures occurred, are 
given in Table IX. The tendency to hot shortness increases 
with the phosphorus content and no hot shortness was 
observed at temperatures up to 1060°C, with phosphorus 
contents of 0.05% or less. There were no significant differ- 
ences between the behaviour in the bend tests of materials 
in the wrought and deposited states. 


TABLE IX. 
HOT BEND TESTS ON 1% COPPER SILVER ALLOYS. 


Cast Temperature of Test 
No | % | 1000 | 102 | 100 1050 1060 
26 | 0.005 | Sound _ Sound Sound Sound Sound 
27 0.025 Sound | Sound Sound | Sound Sound 
28 0.050 Sound | Sound | Sound Sound Sound 
29 | 0.081 | Sound | Sound | Sound | Completely | Completely 
| | cracked cracked 
3x 0.102 Sound Sound | Completely Completely Completely 
| | cracked cracked cracked 
31 0.190 Sound | Surface | Completely Completely Completely 
cracking | cracked cracked cracked 


WELDING TECHNIQUE. 


(a) 2” Thick Plate.—Joints in plates of this thickness 
were made by welding together two pieces 12” long x 6 
wide, chamfered along the edges to an included angle of 
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60°. The gap between the plates at the commencement of 
the weld was 4” and an allowance of ;,” per foot run of 
weld was made for contraction. Injector type blowpipes 
were used and the oxygen pressure was 30 lb. per sq. inch 
with some 2—3 1b pressure of acetylene when using the 
No. 10 jet suitable for this thickness of copper. The left- 
ward technique was used and the filler rod was 5 s.w.g. 
1 per cent. copper silver. No flux was used during the 
welding operation and none was applied to the edges of 
the plate. 

(b) yy” Thick Plate—Horizontal Welding.—Welds were 
made in plates of this thickness by welding together two 
pieces 24” long = 8” wide, chamfered on one of the longer 
edges of each plate to give an included angle of 60°. A 
gap of #:” was made at the commencement of the seam 
with a contraction allowance of ;” per foot run. 

Two operators each equipped with an injector type blow- 
pipe fitted with a No. 12 jet and supplied with oxygen 
at 50 lb. per sq. inch and acetylene at 2—3 lb per sq. inch 
were employed. The preheater torch raised the edges of 
the chamfer almost to the melting point, the welding torch 
following on melted the basis metal and at the same time 
added weld metal to the pool from the 4 s.w.g. 1% silver 
copper filler rod. The preheater torch preceded the weld- 
ing torch at a distance of from 1” to 4”, the distance 
being varied as necessary to regulate the heat input. One 
weld was.made continuously without any after treatment, 
while a second weld was made by the intermittent pro- 
cess in which, after 3” had been completed, the seam was 
hammered while still hot with a pneumatic hammer. 

(c) ” Thick Plate—Vertical Welding.—Plates of the 
same size as those referred to in the preceding paragraph 
were used, but the edges to be welded were chamfered to 
a double V each of included angle 60°, the gap was 4” and 
the contraction allowance about #” per foot run. Two 


TABLE X. 


TESTS ON OXYACETYLENE WELDS IN j” THICK DEOXIDISED 
NON-ARSENICAL COPPER PLATE. 


| Tensile Strength Elongation % 
Cast Phos- Tons/sq. in. on 2”. 
No. | phorus 


% Individual Average Individual Average 


Remarks. 


all Tensile Test—Welds 
fractured at chamfer 
6.0 and signs of exten- 
sive porosity in weld 
metal. Bend Test— 
Samples failed at 
chamfers after bend- 
ing through 60-90° 


Tensile Test—Joints 
showed marked por- 
osity with fracture 
through weld metal. 
Bend Test—Samples 
failed after 90° bend 
due to cracking in 
weld metal. 


Tensile Test—Sound 
joints. Fracture 
through weld metal. 
Bend Test — Bent 
through 180° with- 
out cracking. 


Tensile Test—Sound 
joints. Fracture 
through weld metal. 
Bend Test—Samples 
bent through 180° 
without cracking. 


Tensile Test—Sound 
joints. Fracture 
through weld metal. 
Bend Test—Samples 
bent through 
without cracking. 


Tensile Test—Sound 
joints. Fracture 
through weld metal 
Bend Test—Samples 
bent through 
without cracking 


why 


Cracks in weld and 
basis metal. Poor 
bending properties. 


ous 


EFFECT OF PHOSPHORUS ON COPPER WELDING 


welders were employed, one on each side of the plate, and 
welding proceeded from the bottom of the plate to the top. 
The intermittent process was used, each 3” when completed 
being hot hammered with pneumatic hammers. No flux 
was used in any of the above welding operations. 


WELD TESTS ON }{” THICK PLATE. 


Duplicate welds were made by two operators in each of 
the non-arsenical and arsenical copper plates (Nos. 1—13), 
using 1% copper silver filler rod containing 0.05 per cent. 
phosphorus (No. 28). 


| TENSHE BEND | BEND BEND | BEND 


TENSILE TENSHE 


| | 


Fig. & 
Method of sampling welds | 4” inch thick plate 


There was considerable evolution of gas when the tough 
pitch coppers were welded, but the pool of molten metal 
was clear and free from oxide skin. The pools of weld 
metal when welding the deoxidised copper were clear with 
no marked signs of gas evolution and no significant differ- 
ences were noted between the coppers with various phos- 
phorus contents over the range investigated, or between the 
arsenical and non-arsenical series. The general appear- 
ance of all the welds was good, the convolutions were 
regular and the surface free from signs of porosity except 
in the tough pitch coppers. The penetration was uni- 
formly good in all the series, only short lengths not exceed- 
ing 1” in length showing inadequate penetration at the 
commencement of two or three of the seams. 

Samples for testing were taken as indicated in Fig. 8 and 
in Tables X and XI, the individual as well as the average 
values for tensile strength and elongation per cent. are 
given. The excess weld metal was removed from the ten- 
sile and bend test pieces and the edges of the latter were 
slightly rounded with a file before bending over a radius 
of 4”, ie. twice the plate thickness. One bend test from 
each seam was made with the weld metal on the outside 
and one with the weld metal on the inside of the bend. 

The welds made in tough pitch non-arsenical copper had 
poor mechanical properties and all the fractures were along 
the chamfers and markedly porous. Similar porous cham- 
fer breaks were noted on bend test samples after bending 
through angles varying from 60—90°. The porosity at the 
junction of the weld and basis metal, which is illustrated 
in Fig. 9, would appear to be the main cause of the poor 
tensile strength of the joints. The welds made in the tough 
pitch arsenical copper were similar in characteristics and 
properties to those made in tough pitch non-arsenical 
copper. 

In the non-arsenical and arsenical series the presence of 
0.034 and 0.023 per cent. of phosphorus respectively 
improved the weldability of the copper, but there was con- 
siderable porosity in the weld metal and failure occurred 
after bending through about 90°, smal! cracks apparently 
starting from pores in the deposited metal. 

Welds with the non-arsenical coppers containing phos- 
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phorus in amounts of 0.051, 0.078 and 0.105 per cent. 
showed good values for tensile strength and were uni- 
formly sound, withstanding both face and root bends 
through 180° without cracking. The interface of welds and 
basis metal was clean and sound and the weld metal free 
from porosity and inclusions. There was no apparent 


TABLE Xi. 


TESTS ON OXYACETYLENE WELDS IN }” THICK DEOXIDISED 
ARSENICAL COPPER PLATE. 


Tensile Strength Elongation 

Cast | Phos- tons/sq. In. on 2” * Remarks. 

No. | phorus 

% | Individual | Average | Individual | Average 

7 | nil 79 80 Tensile Test—Cham- 

72 
at le 

85 6s 
75 65 tion. 
4.2 1.0 


21.0 Tensile Test—Frac- 
12.0 25.0 tures in weld metal 
12.8 24.0 show sound d 
128 12.8 23.5 245 Bend Test — Slight 
13.6 31.0 | cracking on face 
12.9 22.5 bend at 180° 
10 | 0.062 13.6 30.5 As above. 
12.8 25.0 
12.8 25.0 
13.0 12.9 31.0 28.0 
12.7 26.0 
13.0 30.5 
it | 0.080 12.3 26.5 As above. 
12.6 24.0 
12.4 27.0 
13.4 12.8 25.5 27.1 
12.9 26.0 
12.8 31.5 
12 | 0.104 12.2 24.0 As above. 
22.5 
16.0 
225 
Tensile Test—Frac- 
t 
12.9 18 250 | 1946 Bend 
12.5 240 cracking on face 
112 19.5 | bend ac (80°. 
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t No. 4. (x 75) 


difference between the quality of the welds in these three 
coppers and those seams made in arsenical coppers wit! 
phosphorus contents of 0.046, 0.062, 0.080 and 0.108 per 
cent. (Table XI). A typical area of weld metal is shown in 
Fig. 10. 

Although good individual test results were obtained with 
the non-arsenical and arsenical coppers containing 0.120 
and 0.140 per cent. phosphorus respectively, the results 
were on the whole for both types less satisfactory than 
those obtained with lower phosphorus contents. In the non- 
arsenical series in particular some very low values were 
obtained in the tensile tests and welds in both varieties of 
copper showed some porosity and a tendency to crack on 
bending. 

WELD TESTS ON 4” THICK PLATE. 


With each of the 12 coppers (Nos. 14—25) and using the 
filler rod containing 0.05 per cent. phosphorus, (No. 28), 
but no flux, three types of joints were made: one horizontal 


Fig. 12 
Porosity i Id metal in tough pitch Id. 
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TABLE Xil. 


TESTS ON OXYACETYLENE WELDS IN 4%” THICK NON-ARSENICAL COPPER. 


Horizontal Single V Welds 


| Vertical Double V Welds 


Continuous Process Intermittent Process Intermittent Process. 
% Elon- Elon- Elon- Elon- 
©. | Phosphorus tren trengt trengt tion trengt 
Tons/sq. in. Pon 8° Tons/sq. In fon 8” Tons/sq. In. on 8 | Tons/sq. in. on 8” 
14 Nil 7.52 7.0 7.75 8.0 11.47 14.5 13.25 26.0 
(oxygen 0.043) 3.50 Nil 8.0 8.62 9.0 14.12 32.0 
3.50 Nil 9.10 9.0 9.4 11.0 ~ om 


0.034 


13.96 
J 14.21 32.0 
14.0 6.14 9.0 


13.28 28.0 
14.59 37.0 
19.0 13.41 22.0 


17 0.088 9.41 7.0 


15.40 35.0 
Y 13.24 J 
18.0 11.98 14.0 a 
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* Tested without removal of excess metal. 


TABLE Xili. 
TESTS ON CXYACETYLENE WELDS IN 4,” THICK DEOXIDISED ARSENICAL COPPER. 


Horizontal Single V Welds Vertical Double V Welds 
Continuous Process Intermittent Process Intermittent Process 

Cast Tensile Elon- Tensile Elon- Tensile Elon- | Tensile* Elon- - 
No. | Phosphorus % Strength tion Strength lon Strength tion Strength tlon® 
Tons/sq. in. on 8” | Tons/sq. in. on 8” | Tons/sq.in. | % on 8” | Tons/sq. in. on 8” 

20 Nil 8.33 4.0 8.80 7.0 9.35 70 | 1434 19.0 

(oxygen 0.038) 4.46 2.0 4.78 5.0 7.44 60 | 14.20 22.0 

5.30 5.0 946 14.5 10.8! 16.0 

21 0.022 9.41 6.0 10.61 11.0 981 | 8.0 14.21 21.0 

10.02 10.0 8.46 75 10.20 12.5 13.00 17.5 

8.76 5.5 9.10 8.0 11.0 } 10 _ om 

2 0.049 11.54 11.0 941 | 10.0 10.92 | 21.0 13.77 35.0 

10.03 10.0 11.46 | 145 11.25 | 15.0 } 14.08 31.0 

9.92 10.0 1212 | 170 | (246 | 270 | = om 

23 0.076 9.2 7.0 12.10 | 110 1233 | 170 | 19.26 5.0 

11.39 13.0 11.87 12.0 12.85 22.0 13.14 0 

10.77 11.0 11.98 | 11.5 11.61 16.5 —_ pan 

24 0.109 | 10.82 12.0 H.ul | 11.0 12.46 15.0 13.5 | 270 

} 12.79 9.0 12.09 | 12.0 13.08 21.0 14.99 } AY) 

11.06 10.0 210 | 120 | 1214 18.0 - | 

25 0.144 9.88 9.0 10.6 10.0 | 14.12 10.0 1220 | 250 

9.93 10.0 8.76 8.0 11.6 | 70 | 11.65 26.0 

10.1 10.0 12.0 |; 12.0 ase 


weld by the continuous method, one horizontal weld by the 
intermittent method with hot hammering, and one vertical 
double V weld by the intermittent process. 


Results of tensile tests on specimens cut from these are 
given in Tables XII and XIII for non-arsenical and arseni- 
cal coppers respectively. In general the strength charac- 
teristics of the welds made by these different procedures 
were similar for both types of copper; the horizontal 
continuous welds had the lowest strength, while the double 
V vertical welds had the highest tensile strength. 


The seams made with both types of tough pitch copper 
were mechanically weak and the test pieces generally 
fractured along the original chamfer of the basis metal. 
Gassing occurred in the basis metal near the weld and gas 
cavities were present in the weld metal. These are illus- 
trated in Figs. 11 and 12, and Fig. 13 shows the distribution 
of the porosity across the seam made by the continuous 
horizontal process. The vertical welds showed gassing to 
& less extent and the reduction in porosity due to the hot 
hammering can be seen by comparison of Figs. 13 and 16 
which are cross sections of unhammered and hammered 
welds in tough pitch copper. 


1945 


* Tested without removal of excess weld metal. 


EFFECT OF PHOSPHORUS ON COPPER WELDING 


The presence of about 0.025 per cent. phosphorus in both 
types of copper caused some slight improvement in the 


mechanical properties of the welds. The deposited metal 
was porous and the fine gas pores persisted even after 


Fig. 13 


Horizontal single V weld. Cast No. 20. Tough pitch arsenical copper. 
Natural size 


hammering. The test pieces fractured across the weld 
and not at the chamfers as was the case with the tough 
pitch coppers. The seams made with the six coppers con- 
taining between 0.049 and 0.109 per cent. phosphorus were 
comparable in respect of strength and ductility for each of 
the various methods of welding. The welds were clean and 


| 
5.91 40 | eo | 
5 86 5.0 8.80 
6.33 5.0 9.40 
16 0.060 10.83 10.0 10.15 a 
15.0 9.06 
10.66 12.0 12.14 
11.62 
11.43 18.0 12.00 nar 
18 | 0.106 10.52 11.80 11.0 1261 | 18.0 325 
9.81 8.5 1262 | 19.5 13.52 26.5 144 31.0 
10.76 12.0 10.91 9.0 11.90 13.0 
19 10.40 13.0 9.41 10.0 12.08 13.0 15.28 36.0 _ 
11.02 14.5 11.14 12.5 8.18 6.0 13.4 33.0 ei 
864 7.0 10.92 10.86 11.0 = 
4 
R 
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sound, and showed no signs of hot failures during welding. 
Typical cross sections are illustrated in Figs. 14 and 17. 


Horizontal single V weld. Cast No. 16. Deoxidised non-arsenical copper. 
0.060% phosphorus. Natural size. 


Fig. 15 
Horizontal single V nt. Cast No. 19. Deoxidised non-arsenica!l copper. 
.128% phosphorus. Natural size. 


Vertical double V weld. Cast No. 20. 


Tough pitch arsenical copper. 
Natural size. 


Mechanical properties of the seams made with the non- 
arsenical copper containing 0.128 per cent. phosphorus were 
variable, ranging, for example, from 8.6 tons per square 
inch to 11.0 tons per square inch, for the horizontal welds. 
Visual examination of the fractured test pieces and micro 
examination of cross sections showed that the low values 
were associated with the presence of gas pores of appreci- 
able size. This porosity is illustrated in Fig. 15. Hot 
hammering reduced this porosity and the seam welded 
vertically was substantially free from gas porosity as 
illustrated in Fig. 18. Similar results were obtained with 
the arsenical copper containing 0.144 per cent. phosphorus. 

The effect of the phosphorus content of the basis metal 
upon the strength of the welded seam is shown in Fig. 19. 


Vertical double V ry Cast No. 16. Deoxidisea non-arsenicai copper. 
0.06% phosphorus. Natura! size. 


EFFECT OF PHOSPHORUS CONTENT UPON GRAIN 
GROWTH IN BASIS METAL. 


In the section dealing with the effect of phosphorus upon 
the annealing characteristics of deoxidised coppers it was 
shown that as the phosphorus content is increased the 
tendency to grain growth at elevated temperatures also 
increases. Some observations were made, therefore, to 
determine whether the grain growth in the thermally dis- 
turbed zone of the basis metals after welding was a func- 
tion of the phosphorus content. 
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RELATIONSHIP BETWEEN PHOSPHORUS CONTENT AND TENSILE 
STRENGTH OF WELDS IN 9/16” THICK COPPER PLATE 


— 
ARSENICAL 
| 


WON ~ ARSENICAL 
| 

TINVOUS SINGLE V WELO 

INTERMITTENT SINGLE V WELO 


TENSILE STRENGTH TONS PER SQUARE /NCH 


VNTERMITTENT DOUBLE VIWELD X——¥—x 
006 o06 ace 


PHOSPHORUS CONTENT PER CENT 
F/G. /9 
Variations in grain size in the vicinity of the weld were 
too great to permit significant numerical evaluation and 
macro examination of cross sections of the welds was used 
to compare the grain sizes of the basis metals. From the 
observations made it would appear that the grain size of 
the basis metal in the vicinity of the weld was smallest with 


Fig. 18 
Vertical double V ane oon No. 19. Deoxidised non-arsenical copper. 
% phosphorus. Natural size. 


the tough pitch coppers and not significantly affected either 
by the method of welding or by the variation in phosphorus 
content over the range studied. The extent of the therm- 
ally disturbed zone was not affected by the method of 
welding, was centrally located with respect to the seam and 
was less with the tough pitch coppers than with the 
deoxidised coppers. 


‘ 
Fig. 22 
Porosity in weld metal. Filler rod No. 31 0.19% phosphorus (x 75) 
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WELD TESTS WITH COPPER-SIVER FILLER RODS 
OF VARIOUS PHOSPHORUS CONTENTS. 


Welds ere made with the six copper-silver filler rods 
Nos. 26—381 in both 4” and 4%” thick deoxidised coppers, 
Nos. 32 and 33. Welds in the thinner material were made 
by the single Y method, while the ” thick copper was 
welded both horizontally and vertically. 

(a) Basis Material }” Thick Deoxidised Non-Arsenical 
Copper—From the first four copper-silver alloys with 
phosphorus contents varying from 0.005 to 0.081 per cent. 
weld metal was deposited without undue turbulence and 
the completed welds were in all instances neat and regular 
in appearance with no visible porosity (Fig. 20). The 
mechanical properties of these joints were essentially simi- 
lar, values of the order of 12.8 tons per square inch being 
obtained. 


Fig. 20 
Appearance of weld made with alloy filler rod No. 28. 0.05° phosphorus. 
Natural size 


Considerable effervesence was noted when the rods con- 
taining phosphorus in excess of 0.1 per cent. were melted, 
although the finished seams were of good appearance with 


TABLE XIV. 


TESTS ON OXYACETYLENE WELDS IN i” THICK DEOXIDISED 
NON-ARSENICAL COPPER USING !%, COPPER SILVER FILLER RODS 
WITH VARIOUS PHOSPHORUS CONTENTS. 


| Tensile Strength 

Cast Phos- | Tons/sq. in. 
No. phorus | 
% Individual | Average Individual | Average 


Elongation % 
on 2” Remarks 


26 | 12.7 | | 26.0 Tensile Test—Gener- 
|} 20.0 | sound welds, 
a ee 27.5 | 23.0 | fractures occur in 
| = weld metal. Bend 
12.9 | | 22.0 | Test—Slight surface 
| $2.2 | 485 | cracking at 180°. 
27 | 0.025 | 13.1 26.0 | | Tensile Test—Gener- 
130 | | 950° | | ally sound welds— 
12.6 | 22 | We | 21.0 | fractures partially 
13.0 20.5 in basis metal and 
12.9 20.0 | partially in weld 
24 | | Wa | metal. Bend Test— 
| } Slight surface crack- 
| ing at 180°. 
28 0.050 13.9 | | Tensile Test—Sound 
13.2 34.0 | welds — occasional 
13.1 13.1 30.5 29.0 fracture almost en- 
12.4 20.0 tirely basis metal. 
13.4 32.0 | Bend Test—No crack- 
12.6 25.0 ing at 180°. 
29 «0.081 13.1 31.0 Tensile Test—As 
12.6 24.0 | above. 
12.4 12.6 20.5 26.0 | Bend Test—No 
13.0 31.5 | cracking at 180°. 
12.1 25.0 
12.6 27.0 
30 | 0.102 13.0 | 3fs | Tensile Test—Sound 
| 12.7 27.0 weld—fractures 
12.7 12.8 27.5 27.0 occur in weld metal. 
12.9 28.0 Bend Test—No crack- 
| 12.8 26.0 ing at 180°, 
21.0 
31 | 0.190 | | 19.0 | Tensile Test — Some 
12.4 | 25 | porosity in weld 
12.1 | 2.2 21.5 22.0 | metal. Bend Test— 
ly a 19.0 | Surface cracking at 
12.7 29.5 | 180°. 
| 12.4 27.0 


EFFECT OF PHOSPHORUS ON COPPER WELDING 


but little visible porosity in the weld metal, as illustratea 
in Fig. 21 which is of the seam made with the filler rod 
containing 0.19 per cent. phosphorus. The extent of the 
internal porosity in this weld is shown in Fig. 22 and the 
effect upon the tensile strength of the weld was not very 
marked. The results of all the tensile tests made with these 
filler rods are given in Table XIV. 


Appearance of weld made with alloy filler rod No. 31. 0.19% phosphorus. 
Natural size 


(b) Basis Material »” Thick Deoxidised Arsenical 
Copper.—In horizontal welding deposits apparently sound 
in character were obtained with the alloys containing 0.081 
per cent. phosphorus or less, the resulting seam being of 
neat and uniform appearance. With the filler rod con- 
taining 0.1 per cent. phosphorus, however, there was some 
effervescence during welding and the finished weld con- 
tained a number of small cracks in the root of the joint. 
More extensive porosity and cracking occurred when the 
rod containing 0.19 per cent. phosphorus was used for 
making horizontal continuous welds. 

When making the vertical welds the deposited metal 
from the filler rod almost free from phosphorus did not 
appear to flow quite as readily as could be desired, necessi- 
tating more care in manipulation. Considerable turbulence 
was noted with the filler rod highest in phosphorus con- 
tent and in the completed vertical seam there were a 
number of small cracks confined to the weld metal. 

Although the effect of the phosphorus in the filler rod 
upon the ease of making the seam was not very pronounced, 
the effect upon the mechanical properties of the seams was 
marked,-:and is shown by the values given in Table XV. 
The welds made with the filler rods lowest in phosphorus 
content showed poor adhesion at the chamfers, whether 
welded horizontally or vertically. The mechanical pro- 
perties of the seams made with the rods having phosphorus 
contents of 0.025 to 0.081 per cent. were satisfactory and 
micro examination showed that they were sound with good 
fusion of weld and basis metal. 

The strength of the seams made with the rods of highest 
phosphorus content were variable and the lowest values 
were obtained with samples which had cracked to some 
extent. while the weld metal was hot. It would appear that 
the hot shortness, of which evidence had been found in 
hot bend tests, deleteriously affected the strength of the 
seams. 


SUMMARY. 


The effect of phosphorus in amounts up to a maximum 
of 0.14 per cent. on the mechanical properties, annealing 
and work hardening characteristics and weldability of 
arsenical and non-arsenical coppers has been investigated. 
The effect of phosphorus up to 0.2 per cent. on the 
mechanical properties and jointing characteristics of 1 per 
cent. copper-silver filler rod has also been determined. 

Increasing the phosphorus content of non-arsenical or 
arsenical copper slightly increases the intrinsic hardness 
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temperatures in excess of about 500°C, the grain size of 
TABLE XV. either arsenical or non-arsenical coppers tends to increage 
TESTS ON OXYACETYLENE WELDS IN 4,” THICK DEOXIDISED with the phosphorus content. 


ARSENICAL COPPER USING |”, COPPER SILVER FILLER RODS The mechanical properties of welds made in touch pitch 
WITH VARIOUS PHOSPHORUS CONTENTS. 


copper are generally poor due mainly to gas porosity, 
Horizontal Welds Vertical Welds The of non- 
arsenical copper improves the weldability and the optimum 
mechanical properties of welded seams are at a maximum 
when the phosphorus addition is between the limits of 0.05 
Tons/sq. in. in. nen and 0.1 per cent. When phosphorus is in excess of 0.1 per 
cent., however, porosity is noticeable in the weld metal and 
0.005 %, 458 30 8.05 80 8 20 95 the mechanical strengths of the joints are reduced. 
Arsenic has no discernible effect upon the weldability or 
the mechanical properties of the seams made either in 
27 8.62 9.0 9.45 13.0 10.12 10.0 or ¥;” thick plates by the methods of welding adopted. 
Phosphorus up to 0.2 per cent. has no marked effect upon 
8.98 13.5 10.20 14.0 10.91 12.0 the melting range of 1 per cent. copper-silver alloys, but 
28 9.82 10.0 12.94 21.0 13.01 22.0 the tensile strength in the wrought condition is appreciably 
: 10.01 10.5 1.71 165 12.41 20.5 without appreciably affecting the ductility. The strength 
= and soundness of the alloys in the deposited state is 
29 10.41 10.0 12.9 21.0 12.90 22.0 . 
0.08! %, 9.01 10.5 13.00 nn's 13.06 275 reduced when the phosphorus content exceeds about 0.1 
P. per cent. and the alloys with the higher phosphorus con- 
tents show an increased tendency to hot shortness. The 
0.102% suitability of the copper-silver alloy for welding %” thick 
P. 8.39 9.0 7.56 7.0 9.82 12.5 plate is not affected by varying the phosphorus content 
sed 138 over the range considered, although the optimum mech- 
31 8.99 10.0 8.23 8.0 4.64 5.0 anical properties on welds made in ;,” plate are obtained 
iss with filler rods containing between 0.05 and 0.1 per cent. 
nil nil nil nil 2.80 nil phosphorus. 


and strength without significantly affecting the ductility. 


Th : : (1) D. Hanson, S. L. Archbutt and G. W. Ford, J.Inst. Metals, 
e arsenical coppers are stronger than the corresponding 1930, 43, 41. 
non-arsenical coppers, while both arsenic and phosphorus ee 


. r , (2) C. S$ Smith, Trans. Amer. Inst. Min. Met. Eng., 1931, 93, 176. 
increase the annealing temperature. After annealing at (°) M. Cook, J.Inst. Loco. Eng., 1938, 28, 609. 


Production Technique and Quality of 
Flash-Welded Joints 


By Dr. Hans Kilgert 


The first part of this book was published in the velopment. This book was translated by S. L. Hoyt, 
August issue of the Welding Research Supplement. N. Baklanoff and R. W. Bennett in the course of work 
There follows the second part. The third and last done for the National Defense Research Committee by 
part will appear in the Oct. issue. Translation of Fer- Battelle Memorial Institute under an OSRD contract 
tigungstechnik und GuteAbbrenngeschweisster under the direction of the War Metallurgy Committee. 
Verbindungen; final reporton NDRC Research Pro- 

ject NRC-13, OEMsr-451. Published with the per- + Published by Friedrich Vieweg and Sohn, Braun- 
mission of the Office of Scientific Research and De- schweig. 
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Influence of Upsetting on the Fatigue Strength 


In order to determine the upsetting action mathe- 
maticé uly, it is necessary to obtain a value which will 
characterize the upsetting process and at the same time 
can be satisfactorily measured. For example, a curve 
resembling an indicator diagram could be made by plot- 
ting pressure against the travel during upsetting of the 
movable piece, which would give the mechanical energy 
applied. Aside from the fact that the greatest part of the 
energy iS applied to cross sections which do not directly 
take part in the welding process, the upsetting energy 
would provide a useful basis for comparison only for par- 
allel tests which are made under identical conditions. 
Similar volumetric elements would always have to par- 
ticipate in the deformation in the same way. This con- 
dition is not satisfied, especially in manual welding, be- 
cause the temperature variations as well as the upsetting 
velocity fluctuate within certain limits under the same 
operating conditions. Neither of these factors could be 
overlooked because the specific work of deformation de- 
pends upon the temperature, and the apparent resistance 
to this deformation depends upon the upsetting velocity. 
A large number of values would, therefore, be necessary to 
define the upsetting process precisely. 

In order to remain within the scope of this investiga- 
tion, it was necessary, because of these circumstances, to 
devise a simpler solution and also to include more prac- 
tical considerations. Two conditions must be fulfilled to 
produce a satisfactory joint: (1) the abutting surfaces 
must be thoroughly cleaned of all impurities, and (2) 
complete cohesion between the grains at the weld must be 
obtained. 

For both of these conditions there is no doubt that the 
maximum upsetting force, hereafter termed “upsetting 
pressure,’ is of the utmost importance, although the up- 
setting velocity and the temperature of the work are in- 
volved to a certain extent. 

For determining the upsetting pressure, a proving ring 
having a 3-ton capacity was used, which was constructed 
by the firm of Dr. G. Wazau. The installation and de- 
sign are shown in Fig, 63. The proving ring was made 
from a solid piece of high-grade spring steel and has an 
attachment to transmit the pressure at the center of the 
long sides of the ring. On the inside of the ring along the 
pressure axis, hardened sockets were made into which 
the ball joints of a U-shaped auxiliary stirrup were in- 
serted which recorded any small deflection of the proving 
ring in a ratio of 5to 1. For the actual measurement, a 
dial gage is attached on one leg of the stirrup while an 
adjusting screw with a ground and hardened surface is 
attached on the other leg. Before each test, the adjust- 


Fig. 63—-Apparatus for Measuring Upsetting Pressures 
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Fig. 64—-Calibration Curve for the Proving Ring 


ing screw is adjusted against the feeler pin of the dial 
until the dial is in the starting position. The auxiliary 
stirrup is held in the vertical position by a fork. The es- 
timated tenth of one scale division on the dial (4), corre- 
sponds to a deflection of 0.0001 mm. measured at the 
ball joints of the proving ring. Ata maximum operating 
load of 3200 kg. (7000 Ib.), a maximum spring deflection 
of 0.491 mm. (0.02 in.) is obtained. The proving ring 
reacts without hysteresis as shown by the calibration 
curve in Fig. 64. 

The clamping jaws on the stationary platen were re- 
placed by profile rolls on the WS6 flash welder. Two ball 
bearing rolls were mounted on the lower clamp, and one 
roll was mounted on the upper clamp. Consequently, 
the work can be moved in the direction of the upsetting 
forces. The applied upsetting pressure is thus trans- 
mitted to the measuring stirrup of the proving ring which 
is located between the work and a fixed counter stop. 
The counter stop consists of a large carefully machined 
surface on which the pressure block of the proving ring 
can be moved about in order to bring the measuring stir- 
rup in line with the axis of the work. The upsetting 
forces are transmitted through balls to the proving ring 
to eliminate any additional stresses. The welding current 
is conducted to the work through a flexible copper bus 
which is connected crosswise in front of and behind the 
rolls. These rolls are insulated to protect the bearings 
from burning. The flexible conductors give the necessary 
freedom of movement to the work for pressure measure- 
ments. Since, during welding (preheating), tensile 
forces arise upon separating the abutting surfaces, provi- 
sion had to be made to limit the movement of the work 
under these conditions. In order to protect the proving 
ring from impacts, it was prestressed to 25 kg. (55 Ib. 4 
and the work was held in this position by a ring opposing 
any movement toward the weld position. The asbestos 
shield, shown in Fig. 63, is removable and is only used to 
protect the measuring equipment from heat radiation 
and the flash particles. 

The errors of the proving ring, which are given by the 
manufacturer as 2 to 3 units, are of no significance to the 
installation as a whole. In addition to the errors en- 
countered in lining up, the precision of the pressure meas- 
urement is further impaired by the friction at the clamp- 
ing rolls as well as by errors in reading the dial. In order 
to overcome the friction of the clamping rolls, a force of 
about 30 kg. (66 Ib.) is required. Consequently, the 
measured pressures were 30 kg. (66 Ib.) low. At 350 kg. 
(770 Ib.) upset pressure, this gives an error of about 8%, 
which drops to 1% at 3000 kg. (6600 Ib.). The total error 
per unit of cross-sectional area, even at very low upsetting 
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Tension Test Specimen 
8.3" 


210 


for the upsetting forces. After little 
practice the desired upsetting pressure 


> was obtained with good approxima. 
tion. Since the specimens were not 
selected for the different tests until 


~ 


after welding, there was an opportun.- 
ity to obtain a uniform distribution 


20 - 


of the upset pressures in the different 


Bending Test Specimen 


| experimental series. In order to 
evaluate the joints independently of 
the characteristics of individual types 
of tests, tension, bending, notch-bar 
impact and repeated-impact tests 
were used in addition to fatigue tests, 
A series of joints welded on Taps 6 and 
9 were prepared for each of these tests 
except for tension and bending. The 


10 


specifications of the test specimens 
* are shown in Fig. 65 and the test 


results of all the series are compared 
in Fig. 66.* 


+ 


(a) Tensile Strength—Table 10.— 


As previously determined, the tensile 

test is not very suitable for evaluating 
' the joints. This test was used only to 
determine how low the upsetting pres- 


sures had to be so that the joints 
would fail at the weld line. The test 


tT 4 


Fig. 65—Dimensions of Test Specimens 


pressures, is so small that it could be neglected for all 
practical purposes. This is also not changed if a rela- 
tively large reading error of + 1.5 dial divisions is taken 
into consideration. 

During welding, the dial is continuously observed and 
is read at the instant of the greatest deflection which oc- 
curs just before the end of welding. Since the pressure 
drops immediately after upset, a certain amount of 
practice is required for obtaining this reading. After 
installing the proving ring, the welding is done under 
somewhat different conditions than in the earlier tests. 
On account of connecting in the flexible copper conduc- 
tor, and of the somewhat less favorable contact conditions 
to the work, the resistance of the welding circuit is in- 
creased. These losses can be approximately compensated 
for by using a higher transformer tap setting. Another 
inconvenient factor was that the bar, which was formerly 
rigidly clamped, springs during upset which reduces the 
actual force of the upsetting blow. Sinee the maximum 
deflection of the proving ring is 0.56 mm. (0.02 in.), 
whereas the amount of upset is 4 to 5 mm. (0.16 to 0.20 
in.), this will not seriously affect the upsetting action. 

After each weld, the upsetting pressure which was 
attained was compared graphically with the value 
aimed at, and in this way the operator acquired a feeling 
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Notch-impact Test Specimen 


Repeated-impact 
Test Specimen 
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results of the joints welded at Tap 6 
show that this value is less than 0.55 
kg./mm.? (1200 psi.). It should also 
be noted that the single specimen 
that failed in the weld line (of the 
series), welded with an upsetting pres- 
sure of 1.2 kg./mm.? (1700 psi.), had 
almost the same strength as the other 
joints. Under these circumstances 
further tensile tests of joints welded 
on Tap 9 were dispensed with. The 
test specimens which were thus re- 
leased were used in the following tests. 

(b) Bend Angle—Table 11.—The 
bend angle is a measure of toughness, 
or a combination of toughness and 
strength. This test gives good com- 
parative values with constant test 
conditions. If the test specimen ts 
non-homogeneous at a place which is stretched above the 
yield point, a local and variable deformation occurs as 
in the tension test. Such a nonhomogeneity is the weld 
line of a flash-welded joint. Therefore, in the bend test, 
best results are obtained when the weld is placed sym- 
metrically in the bending jig. 

It has been repeatedly observed that good welds, free 
from defects, are both strong and tough, and can be bent 
180° without failure. In the present case, both the 
welded and unwelded specimens, with dimensions of 200 
x 20 x 20 mm. (7.87 x 0.79 x 0.79 in.), bent to 180° with- 
out failure. The problem of determining the differences 
in quality between the base material and the weld, and 
between welds made under different upsetting pressures, 
could not be solved by using the ordinary bend test. 
Consequently, it was necessary to select some form of 
notch which restricts the deformation of the base mate- 
rial so that failure occurs before bending 180°. The re- 
sults of preliminary tests on unwelded specimens notched 
in various ways are given in Table 12. The notch depth 
was kept constant at 5 mm. (0.20in.). Ata notch radius 
of 12 mm. (0.47 in.), which was used for the rest of the 
investigation, one specimen failed at an angle of 83° while 


* The welding times recorded in Tables 10 to 14 are rounded off. 
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Fig. 66—Influence of the Upsetting Pressure on the Strength and Toughness of 


Flash-Welded Joints Made of Mild Steel 


another did not fail at 180°. A more precise investiga- 
tion showed that the square shaped, segregated structure 
of the rolled bars (which comes through from the original 
ingot—Trans.) had an influence on the test results. 
A killed steel would have been preferable for these tests. 
However, the scope of the problem covers principally 
commercial, segregated steel. 

The results of the tests on specimens welded at differ- 
ent upsetting pressures scatter quite widely as shown in 
Table 11. However, a definite relation was recognized 
between the upsetting pressure and the bend angle, 
which is a measure of the toughness of the joints. After 
low results at the start, there is a rapid increase in the 
bend angle to a value of 70° for an upsetting pressure of 
2 kg./mm.? (2800 psi.), which is very close to the values 
of the unwelded material. At higher upsetting pressures, 
the bend angle does not vary. 

(c) Notch Toughness—Table 13.—Notch toughness 
does not have any obvious relation to other strength 
properties, but it is an infallible measure of structure 
and preceding heat treatment. Therefore, the notch-im- 
pact test seems to be appropriate for a critical evaluation 
of welded joints. Because of the small number of welded 
specimens available for this test, the determination of 
the steep drop (when tests are made at various tempera- 
tures) was impossible. All tests were made at room tem- 
perature. 

Because of the unfavorable ratio of the cross section of 
the specimen to the cross section of the weld (50:700), 
small weld-line defects influenced the test results out of 
proportion to their influence in the original full-sized 
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Fig. 67—-Radiographs of Joints Flash Welded at Tap 6 on the 
with Increasing Upset Pressure 
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Table 10—Tension Tests vs. Upset Pressure of Flash-Welded Joints of 30-Mm. (1.18-In.) Round Bar, Using Tap 6 of the 
WS6, Material M 


Welding Time in Seconds Upset Pressure Burn-off Load, Tensile Strength 
Number Preheat Flash Postheat Total Kg. Lbs. Kg./mm< In. Amp. Kg./mm.* DeSele 
1 52 25 1.6 79 610 1340 0.86 1200 10 .39 65 aaa) 63,0008) 
2 58.5 25.5 1.8 86 730 1610 1.03 1500 13 .61 70 44.6\2)  63,500(2) 
3 49 19.5 1.8 70 850 1870 1.20 1700 9 .35 70 43.8(1) (2) 62,400 (1) (2) 
4 48.5 35 1.5 85 1140 2510 1.61 2300 10 .39 70 44.5 63,300 
5 109 40.5 1.6 151 1320 2900 1.87 2700 18 .71 50 44.2(3) 62,900() 
6 49 36 1.4 87 1360 29909 i.93 2750 12 .47 70 44.5 63,300 
7 46.5 25 1.5 73 1480 3260 2.10 3000 14 .55 70 44.6 63, 500 
8 52 17.8 1.4 71 1630 3590 2.31 3300 11 .43 + 70 44.5 63,300 
9 42 25.5 1.3 69 1970 4330 2.79 4000. 12 .47 70 44.5 63,300 
10 48 25.5 2.4 76 2030 4470 2.68 4100 12 .47 70 44.3 63,000 


Table 11—Influence of the Upsetting Pressure on the Bend Angle of Joints Welded at Tap 9 on the WS6, Material M. See 
Table 12, Series No. 8 for Notch Form 


Peak Bend 

Welding Time in Seconds Upset Pressure Burn-off Load Angle, 

Number Preheat Flash Postheat Total Kg. Lbs. Kg./mm.* p.s.i. mm. In. Amp. Deg. 
1 18.5 15.35 1.3 $5 310 680 0.44 625 15 .59 100 73 
2 18 15.5 1.5 35 630 1390 0.89 13500 15 .59 105 15° 
3 25 21.5 2.2 49 1070 2350 1.51 2150 20 .79 95 41 
4 23.5 18.5 1.5 44 1210 2660 1.71 2400 24 .95 95 43 
5 23 16.5 2.0 42 1380 3040 1.95 2800 14 .55 100 69 
6 21.5 14.5 1.8 38 1440 3170 1.04 1400 14 .55 105 77 
7 17.5 16.5 1.8 36 1450 3190 2.05 2900 17 .67 #100 16 
8 16 14.5 2.8 33 1800 3960 2.55 3600 16 .63 100 18 
9 24 8.5 1.5 34 2020 4440 2.86 4100 15 .59 105 78 
10 23.5 13 1.5 38 2070 4550 2.93 4200 16 .7i 861230 68 
1l 19 15.3 1.7 36 2200 4840 3.12 4400 14 .55 100 57 
12 20 19.5 2.0 42 2250 4950 3.19 4500 21 .83 95 70 


Table 12—Tests of Notch Form for Bend Tests of Flash- 
Welded Joints. Tests with Unwelded Specimens 


Notch Notch Radius Angle at 
Depth r First Crack, 
Number mm. In. mMe In. Degree Remarks 
1 - - - - 180 No failure 
2 5 20 2 208 44 
3 5 +20 2 208 46 
4 § +20 5 220 56 
5 § +20 § 220 48 
6 5 220 10 039 82 
7 5 +20 10 039 92 
8 5 +20 12 247 63 Selected for 
further tests 
9 § 220 15 259 180 No failure 


weld. Since the notch-impact test itself is very sensitive, 
a scatter of results must be expected from these tests. 
Figure 66 shows this variation; however, both experi- 
mental series show a definite trend upward in notch 
toughness with increase in upsetting pressure, which be- 
gins at 0.9 kg./mm.? (1300 psi.) and ends at an upsetting 
pressure of 2.3 kg./mm.? (3300 psi.). The impact values 
of the unwelded base material of 10.8 to,11.2 mkg./cm.? 
are still far from being reached at an upset pressure of 
3 kg./mm.* (4300 psi.). The joints welded at Tap 6, 
which were known to have slag inclusions and porosity, 
determined the lower values on the curve. Sound joints 
free from defects, such as Specimen 2, have a higher 
notch toughness and, therefore, deviate considerably 
from the plotted curve. In the higher upsetting pressure 


510-s 


WELDING RESEARCH SUPPLEMENT 


range, only very small defects were visible and a closer 
agreement with the plotted curve could be seen. From 
these results it is to be concluded that the characteristic 
rise is largely determined by slag inclusions and porosity 
and less by the type of structure. The increase of notch 
toughness of upsetting pressures above 2.3 kg./mm.* 
(3300 psi.) seems to be due to an improvement in the 
quality of the structure, because with higher upsetting 
pressures, lower temperature cross sections enter into 
the welding and a better forging action is obtained. 

The results of the specimens welded at Tap 9 vary 
still more (then those welded at Tap 6) especially in 
the region of lower upsetting pressures. Consequently 
the average curve is not as definitive. It lies somewhat 
higher than the average curve of specimens made at Tap 
6, and, in general, shows the same characteristic in- 
crease. At higher upsetting pressures, the curves are 
identical. 

(d) Repeated-Impact Strength—Table 14.—The tests 
were made on a Krupp repeated-impact testing machine. 
The weld line is at the most critical section. After each 
blow the specimen was turned 180°. The strength of the 
specimen was evaluated by the number of blows it with- 
stood before breaking. Although the ratio between thie 
cross section of the specimen to that of the welded joint 
is low in this test (133/700), the variation of the test re- 
sults is relatively small so that a fairly clear picture was 
obtained. The two curves given, which show the num- 
ber of blows to failure in Fig. 66, differ from the notcli- 
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Table 13—Notch-Impact Test on Flash-Welded Joints of 30-Mm. (1.18-In.) Round Steel Bars, Material M. 
men Shown in Fig. 65 


Type of Speci- 


Notch 
Peak Tough- 
Num- Weldi Time in Seconds Upsetting Pressure Burn-off Load, ness, 
ber Preheat Flash Postheat Total Kg. Lbs. Kg./mm.* PeSele MMe In. Amp. Mcg./om.* 
WS6, Tap 6 
l 42.5 22 2.7 67 220 480 0.31 440 ll 243 65 1.84 (1) 
2 43 28 1.2 72 235 520 0.33 470 ll 045 70 5.70 
3 43 15 0.8 59 500 1100 0.71 1000 ll 043 70 2.44 (1) 
44 31 1.8 77 780 1720 1,10 1600 10 039 § 1.90 (1) 
5 46.5 20.5 2.2 69 870 1910 1.23 1750 13 51 5 2.14 (1) 
6 59 22.5 1.2 83 1050 2310 1.49 2100 ll 043 70 3.10 
7 40 24 2.0 66 1420 3120 2.01 2900 12 247 65 4.66 (2) 
8 60.5 16 1.0 78 1500 3300 2.12 3000 12 047 65 7.34 
9 46.5 26.5 2.0 75 1620 3560 2.29 3300 12 247 65 5.86 
10 48 24 1.8 74 2000 4400 2.83 4000 14 295 70 5.98 
ll 42 18.5 1.5 62 2090 4600 2.96 4200 14 255 70 7.38 
WS6, Tap 9 
12 24 28.4 0.5 53 240 530 0.34 480 22 287 105 2.74 (1) 
13 21 28 0.4 50 360 790 0.51 725 20 279 110 3.20 (1) 
14 20 26.5 0.7 47 540 1190 0.76 1100 16 263 110 1.74 (2) 
15 24.5 24.5 0.5 50 680 1490 0.96 1400 21 83 105 6.74 (2) 
16 18.5 31.5 0.4 51 840 1850 1.19 1700 19 275 110 4.68 (2) 
17 17 24.2 0.4 42 960 2110 1.36 1900 18 o7l 105 4.00 (1) 
18 18.5 14.5 0.5 34 1140 2510 1.62 2300 16 263 105 5.18 (2) 
19 - - - 53 1360 2990 1.93 2750 19 275 - 4.58 
20 32 14.5 2.0 49 1460 3210 2.07 2950 23 291 100 2.28 
21 17 19.5 1.5 38 1820 4000 2.58 3700 20 279 115 6.64 
22 26.5 13.5 1.7 42 ~ 1960 4310 2.78 4000 15 259 95 5.52 
23 28.5 11,3 1.3 4l 2190 4820 3.10 4400 20 79 110 2.64 


(1) Porosity visible on the finished machined test bars. 


(2) Small slag inclusions. 


impact curves principally by the abrupt transition to the 
high level, and differ among each other by the position 
of the transition at different upsetting pressures. For 
specimens welded at Tap 6, this rise was between 1.8— 
2 kg./mm.* (2600 and 2800 psi.); while the rise for spe- 
cimens welded at Tap 9 was between an upsetting pres- 
sure of 0.9 and 1.1 kg./mm.? (1300 and 1600 psi.). The 
joints made at low upsetting pressures gave test bars 
which contained larger or smaller defects that were vis- 
ible in the weld. Evaluation of the quality of the speci- 
mens from their external appearance is consistent with 
the impact values. From this it may be concluded, as 
above, that the drop in the curve is caused by impurities 
remaining in the weld. 

(e) Fatigue Strength—Table 8, Experimental Series 14 
and 15.—Before the specimens were tested in fatigue, 
the welds were given a thorough preliminary examina- 
tion. The specimens that had visible defects at the weld 
line, either scattered or continuous, are specially desig- 
nated in Table 8. The specimens were then X-rayed to 
see if additional defects were present. The findings were 
completed with the results of the fatigue tests and an ex- 
amination of the fractured surfaces. In this, distinction 
was made between inclusions with oxidized surfaces and 
metallic-appearing surfaces. The specimens having 
scale-like irregularities on the fractured surfaces or 
specially coarse residual fractures were also indicated in 
Table 8. 

The welding times of the specimens welded at Tap 6 
range between 62 and 87 sec., with most of the times 
coming between 70 and 75 sec. In one exceptional case, 
the welding time was 2 min. From the slight variations 
in the maximum energy input of the machine, it can be 
concluded that the welds were made under closely uni- 
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form conditions. The amount of burn-off was between 
14 and 23 mm. (0.55 and 0.91 in.). 

A large portion of the parts had visible defects which 
could be seen immediately after welding and especially 
after the test specimens were machined, and which were 
undoubtedly due to too small an upset. The structure of 
the individual specimens can be easily followed by the 
data of Table 8. The welds of Specimens 100 and 101 
can be seen to have small defects almost all around the 
test bars. The following two specimens show relatively 
few defects. With the exception of Specimen 109, the 
joints that were welded at an upset pressure of over 1.7 
kg./mm.? (2400 psi.) showed no external defects. Speci- 
men 109 showed a small cavity. The reason for this de- 
fect was undetermined as the welding proceeded norm- 
ally and the welding data showed no irregularities. 

Difficulty was encountered during the X-ray examina- 
tion of the cylindrical test specimens because of the vari- 
ation in thickness from the center to the edges. In or- 
der to equalize the thickness, the specimens were placed 
in a stannous chloride bath to increase the possibility of 
detecting defects at the edge of the test specimen. 
Figure 67 shows the radiographs of the various joints. 
Unfortunately, much of the detail is lost when the radio- 
graph is printed. By means of the X-ray examination, 
two more specimens were found to contain defects, one 
welded at an upset pressure of 1.71 kg./mm.? (2400 psi.) 
and the other at 3.4 kg./mm.? (4800 psi.). The first spe- 
cimen was probably preheated insufficiently and did not 
have enough burn-off. In any event, the total welding 
time of 58 sec. is unusually short, and the burn-off was 
only 14 mm. (0.55 in.). For the second joint there was 
no apparent cause for the defect. 

With one exception, all specimens failed in the weld. 


5ll-s 


2) 
we 
r 
od 
2 
| 
z 
‘4 
1 
? 
t 
A: 
A 
l 


Table 14—Repeated-Impact Tests on Flash-Welded Joints of 30-Mm. (1.18-In.) Round Steel Bars, Material M. Type oj 


Specimen Shown in Fig. 65 


Namber 


Peak of 
Nua- Weld Time in Seconds Upsetting Pressure Burn-off Load, Blows 
ber Preheat Flash Postheat Total Lbs. Kge/mme“ PeSele MMe In. Amp. to Failure 


WS6, Tap 6 


1 43 26 1.8 71 210 460 0.30 430 10 .39 70 345 (1) 
2 54.5 26 165 82 270 590 0.38 540 14 =6655—s«OGS 1403 (1) 
3 39 22 2.0 63 470 1030 0.67 950 eS aa 3613 (2) 
4 42.5 33.5 2,0 78 530 1170 0.75 1060 s**t 16 1914 (2) 
41.5 21 0.8 63 770 1690 1,09 1500 | 2456 (1) 
6 42 14 2.0 58 930 2050 1.32 1900 9 .35 70 439 (1) 
7 49.5 20.5 0.8 71 1210 2660 1.71 2400 i 2698 (2) 
5 - - - 64 1460 38210 2.07 2900 7273 
9 39.5 24 1.5 65 1570 3450 2.22 3200 14 .55 365 7259 

10 43 25.5 1.5 70 1970 4330 2.79 4000 13.61 #375 6775 

il 46.5 17 1.2 65 2030 4470 2.87 4100 a: a 7823 

12 38 19 1.6 59 2260 4970 3,20 4500 14 .55 365 8697 


13 19 24.1 0.4 44 160 350 0.28 280 21 83 105 285 (1) 
14 21.5 16.5 0.7 39. 240 530 0.34 480 15 -59 110 1749 (1) 
15 22.5 26 0.5 49 410 900 0.58 820 20 279 100 1609 (1) 
16 26.5 14.7 0.6 42 600 1320 0.85 1200 18 071 105 817 (1) 
17 14 25.5 40 730 1610 1.03 1500 20 279 7540 
18 25 18.7 0.7 44 920 2020 1,30 2000 17 267 100 5385 
19 24 16.2 1.4 42 1080 2380 1.53 2200 16 63 110 5879 
20 26 12 1.4 39 1450 3190 2.06 2900 20 e799 +=100 6173 
21 25 15 1.7 42 1600 3520 2.27 3200 20 «79 +=100 7537 
22 32 15 2.0 49 1830 4030 2.59 3700 19 e75 95 6898 
23 - - - 41 1840 4050 2.61 3700 18 e71 - 7828 
24 32 18.7 2.0 53 1970 4330 2.79 4000 24 095 95 7371 
25 21.5 16 2.0 40 2070 4550 2.94 4200 20 079 | = 8126 
¥34 Porosity visible on the finished machined test bars. 
2) Small slag inclusions 


#0 T T T i a 28,400 action of the pressure measuring equipment, which tends 
STRENGTHENING NEGLECTED oe) ie to soften the force of the upset. The test specimens that 
1s a s - 21,300 had been examined both visually and by X-ray, and 
C : ‘ found to be free of defects, are specifically marked in Fig. 
A 10 4,200 68. In general, they are located in the upper part of the 
4 é zone of scatter. On the other hand, it was found for the 
# 7,100 e specimens in which defects were observed before testing, 
x ° q that there was less deviation than would be expected 
E : - from the curve for the other tests on the basis of the size 
» 0 & of the defects. The greatest deviations in fatigue 
nl | strength are found at upset pressures above 1.7 kg./mm." 

2 STRENGTHENING = (2400 psi.). 
“a 3 : 21,300 13 If a strengthening effect, such as occurs in the base ma 
B t d terial, is taken into consideration during the evaluation 
10 aa 14,200 of the results, there is no change in the character of the 
fatigue strength curve and the strength is only slightly 

ANo defectq visitlle on |bar surface) X-r 7,100 
or fractured surface. 
xDefects visible on bar surfeceor X-ray. 20 

LoCraters with metallic or o o | | 


0 1.0 2.0 3.0 
1420 p.s.i. 4260 p.sei. 
UPSETTING PRESSURE IN ke./mm.* 
Fig. 68—Influence of Upsetting Pressure on Endurance Limit of 


Flash-Welded Joints. Material Type M. 30 Mm. (1.18 In.) 
Diameter, Tap 6 on WS6 


THENING IN PER CENT 
S 


As shown in Fig. 68, the fatigue strength increases 0 
markedly with the upsetting pressures. This increase is 6 

quite rapid at the lower pressures but tapers off to the i | | 
fatigue strength of the base material. ‘The transition G) 2 4 6 . 
may be expected at an upsetting pressure of about 3.5 LOAD_INCREMENT 

kg./mm.? (5000 psi.). Weld failure of specimens made at Fig. 69—Strengthening of Mild Steels for Increasing Load 
high upsetting pressures is probably caused by the spring Increments 
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Fig. 70—-Fractures of Specimens Welded at Tap 6 with Increasing Upset Pressure 


lower, as shown in Fig. 69. Therefore, the results have 
not been affected through a possible strengthening of the 
joints. 

It is also possible to correlate the improvement of the 
welded joints with increase in the upsetting pressure by 
examination of the fractured surfaces, as shown in Fig. 
70. All of the specimens that had been considered de- 
fective before testing had fractured surfaces containing 
oxidized or metallic-appearing craters. Specimens 100 
and 103 had a rough, fissured, residual fracture in addi- 


tion to the craters. Specimen 106 contained a small cav- Fig. 71—Radiographs of Fatigue Specimens Flash Welded at 
ity with a blank metallic surface despite the fact that the Tap 9 on the WS6 with Increasing Upset Pressure 
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weld was considered satisfactory both from external ap- 
pearance and the radiographs. The fatigue strength of 
this specimen comes at the upper limits of the scatter 
zone. This indicates that the defect did not have a harm- 
ful influence (on the joint strength). Specimen 107 also 
contained a crater with oxidized walls which was not de- 
tected by X-ray examination. The fatigue strength of 
this joint is also in close agreement with the results 
of the other joints. 

The welding times of joints made at Tap 9 are shorter 
because of the higher energy inputs applied. The average 
time was 41 sec. The shortest time was 32 sec. and the 
longest was 49 sec. The maximum current input varied 
between 102 and 118 amp. According to this, the weld- 
ing cycle is not as uniform as the specimens welded at 
Tap 6. The burn-off averages between 18 and 20 mm. 
(0.71 and 0.79 in.), the smallest amount being 16 mm. 
(0.63 in.). This experimental series includes upsetting 
pressures ranging from 240 to 2310 kg. (520 and 5100 Ib.), 
which correspond to a pressure of from 0.34 to 3.27 kg./ 
mm.” (500 to 4600 psi.) on the nominal cross section. 

The first glance at Table 8 shows that the welds in this 
series were exceptionally bad. Specimen 115 broke dur- 
ing machining and could not be tested. The weld line is 
usually apparent on most of the machined test specimens. 
The two specimens welded at upsetting pressures of 
over 3 kg./mm.? (4300 psi.) and Specimens 121, 124 and 
128 were the only satisfactory defect-free joints. How- 
ever, after X-raying joint 121, welded at an upsetting 
pressure of 1.63 kg./mm.* (2300 psi.), it was found to 
contain defects. In the remaining specimens the X-ray 
photographs confirmed the visual examination of the 
surface, Fig. 71. In spite of a visible weld-line defect 
in Specimen 125, the X-ray showed none. This speci- 
men was probably X-rayed adjacent to the weld because 
of an unintentional movement of the specimen. The 
X-ray examination was not repeated. 

All of the welded test specimens failed at the weld 
line. The endurance limit increases with the upsetting 
pressure in the same way as the earlier experimental ser- 
ies, though the results are widely scattered as shown in 


Fig. 72. The scatter band is sharply delimited both 
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Fig. 72—-Influence of Upsetting Pressure on Endurance Limit of 
Flash-Welded Joints. Material Type M. 30 Mm. (1.18 In.) 
Tap 9 on WS6 


Diameter. 


514-8 


WELDING RESEARCH SUPPLEMENT 


above and below, so that an upper and lower limit cay 


be considered. Although the lower curve is based on 
several values, its exact location is doubtful, because 
most of the specimens failed during the first load incre. 
ment and consequently had no opportunity to fail at 
lower values. The specimens that were considered free 
of defects, by X-ray and visual examination, are again 
specifically indicated on the graph. Most of them are in 
the top part of the scatter band. Furthermore, the speci- 
mens in the upper portion of the scatter band had only 
small defects. Despite the fact that Specimens 116 and 
117 showed large defects, both by visual and X-ray ex- 
aminations and on the surface after fracturing, the joints 
had endurance limits of +12.8 and 13.0 kg./mm. 
(18,200 and 18,500 psi.) and failed only after the eighth 
load increment. Joints 118, 119, 122, 127 and 130, located 
in the lower range of the graph, contained large weld-line 
defects as shown in Fig. 73. 

The upper limit reaches the fatigue strength of the base 
material at an upset pressure of about 3 kg./mm.? (4300 
psi.), which is somewhat earlier than with the specimens 
welded at Tap 6. The lower limit reaches a fatigue 
strength of only 14 kg./mm.? (19,900 psi.), at the upset 
pressure of 3 kg./mm.? (4300 psi.). The continuation of 
the curve is uncertain. Upon taking into account the 
possible strengthening effect corresponding to that of the 
base material, there was no appreciable change in the 
curve, and resulted in lowering the upper limit by a small 
amount, Fig. 72. 

Oxidized and metallic craters were found on fractured 
surfaces of specimens welded at the highest upsetting 
pressures. A greater number of these specimens had a 
more or less pronounced scale-like formation at the weld 
line, as compared to the specimens welded at Tap 6. The 
residual fractures were unsatisfactory only for the welds 
made at low upsetting pressures. In general, the frac- 
tured surfaces of the specimens in this series show joints 
of considerably poorer quality. Here also, the fatigue 
strength, upsetting pressure and the appearance of the 
fractured surface are closely correlated the same as for 
specimens welded at Tap 6. The assumption previously 
stated that an inadequate weld strength is caused by 1n- 
sufficient upsetting, has been confirmed. As shown in 
Fig. 66, the fatigue strength curve does not show an 
abrupt increase in strength as the upsetting pressure in 
creases, such as observed for other test methods. The 
fatigue strength curves for specimens welded at Taps 
and 9 run in about the same way, but they differ from 
each other in their strength and in their amount of scat 
ter. 


Relation Between the Welding Procedure and the 
Properties of the Joints 


Esser has conducted fundamental research on the ques 
tion of (pressure) weldability of electrolytic iron and pur 
iron-carbon alloys, bearing on the relation between tem 
perature, upsetting pressure and strength. Since the 
object is to determine weldability as a property of the 
material, special precautions were taken to eliminate any 
disturbing factors. In order to prevent oxidation, the 
cylindrical test specimens were machined with rounded 
conical ends and heated in a vacuum with a carbon coil 
and welded by static pressure. After slow cooling, these 
test bars were broken in tension. The weldability, judged 
by the results of the tension test, increased but little at 
lower temperatures with increasing pressure, but at 
higher temperatures there was a marked increase 
The higher the welding temperature, the lower the pres 
sure at which consistent-strength values were obtained 
with increasing pressure. The maximum weldability 
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upsetting pressures of 0.85 kg./mm.? 
(1200 psi.), was still higher than that 
of the adjacent material. Actually, 
however, other test methods show 
that at upsetting pressures of 1.5 
kg./mm.? (2100 psi.), the maximum 
tensile strength is far from reached 
in some cases. In spite of the high 
temperatures, the inherent good weld- 
ability of the material is not effect- 
ively utilized. On the basis of these 
considerations, it can be seen that 
slag inclusions and porosity must be 
the reason for the low strength of the 
weld, which agrees with the observa- 
tions on the fractured surfaces of 
the fatigue specimens. However, if 
the quality of flash-welded joints 
depends upon oxidation products 
that remain, it then becomes clear 
that the strength of the joint depends 
not only upon the upsetting pressure 
but also upon all other factors which 
influence, either directly or indirectly, 
the condition of the cross section of 
the weld after welding. The factors of 
primary importance are the ones 
which affect slag formation and slag 
expulsion: the welding current is the 
factor which determines the amount 
of heat and the flashing intensity, 
while upsetting is the final effect for 
removing all foreign material from 
the abutting surfaces. Finally, the 
welding time exerts an indirect in- 
fluence since it helps to control the 
temperature variations in the work, 
and hence influences the distribution 
of the upsetting work in the weld 
line and the material adjacent to it. 
These factors are so closely related 
to each other that they must be 
carefully regulated so that there is a 
minimum of impurities and porosity 
in the weld. 

It was these considerations which 
gave rise to the investigation of de- 
tailed behavior during preheating 
and flashing previously reported in 


obtained, together with the observa- 
tions on upsetting, is analyzed from 
the standpoint that slag elimination 
is the crux of the flash-welding prob- 
lem, it is possible to explain the 


Fat Stre 
apparently complicated relations be- 


Fig. 73—Fractures of Specimens Welded at Tap 9 with Increasing Upset Pressure tween the flash-welding processes 


value is practically reached at about 1000° C. (1800° F.) 
ata pressure of 1.5 kg./mm.? (2100 psi.). 

_In flash welding many conditions exist which are 
lundamentally different from Esser’s experiments so 
that it is impossible to apply his results directly to this 
method of welding. In particular, oxidation is ‘not pre- 
vented, temperature of the abutting surfaces is materially 
above 1000° C. (1800° F.), and during upsetting displace- 
ment of the material takes place particularly in the weld 
zone. Because of the high temperatures, very low upset- 
ling pressures will be sufficient in flash welding. It was 
lound that the tensile strength of the joint, even with 


and the strength properties of the 
welded joints. 

Under the influence of the upsetting pressure, the 
endurance limit of joints welded at Tap 6 in 30 mm. (1.15 
in.) round steel bars increases according to Fig. 66, so 
that it reaches the stated percentages of the strength of 
the starting material at upset pressures of about: 


0.9 kg./mm.? (1300 psi.) —50% 

1.8 kg./mm.? (2600 psi.)-—70% 

2.9 kg./mm.? (4100 psi.)—90% 
Since it is the entire weld cross section that is tested, it is 
permissible to refer simply to the strength of the weld. 
When the joints are made at Tap 9 of the WS6, the re- 
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lation between the upsetting pressure and fatigue 
strength still has the same characteristics; however, the 
results are scattered more and the maximum values and 
the upper limit, that is, the attainable strength, are 
higher. The increased scatter is due to the more profuse 
gas and slag formations which are unavoidably associated 
with high flashing current. The individual flashes during 
the burn-off period cause deeper penetration at the point 
of attachment of the molten current bridges and result 
in local overheating. As previously explained, the energy 
input could be so high that gas bubbles will form on the 
abutting surfaces which are almost impossible to elimi- 
nate during upsetting. Therefore, with higher energy 
input, the possibility of overheated metal, gas and slag 
inclusions in the weld line increases. The fatigue frac- 
tures of the specimens welded at Tap 9 are noticeably 
worse, in agreement with the above. With large defects, 
the location of the defects as well as the reduced area 
are important. For these reasons it is possible to under- 
stand the cause for the wider variation between the re- 
sults of specimens welded at Tap 9. 

It is noteworthy that the strength of specimens welded 
at Tap 9 may be higher than those welded at Tap 6. 
Since the measured welding temperatures were so high 
that minor differences could be neglected, the above be- 
havior could not be explained by the flashing and oxida- 
tion phenomena. Here again, the reason is to be found 
in the slag behavior. The temperature gradient in the 
material on both sides of the weld is more abrupt when 
welding at Tap 9 than it is for welds made at lower cur- 
rent settings. Consequently, when a high energy input 
is used, the upsetting force is greater at the weld line than 
it would be for the highly plastic, easily deformable ends 
of the work obtained with more slowly made welds with 
lower currents. This also gives a smaller increase in 
cross section. The joints made at short welding times 
eliminate the slag proportionately better from the weld 
and should show higher strengths. As previously men- 
tioned, the soundness of the joints would be questionable 
because oxidation is rapidly accelerated with increasing 
energy. Up to a certain point the upsetting force will 
act as an equalizer. At higher energy levels, the quality 
of the welds is lowered by the product (resultant) of 
these two influences. This may also be seen by the 
strength values of the defective welds which were unin- 
tentionally made. It is obviously not an accident that 
these values decrease with a decrease in welding time, 
that is, with increased energy. This also clarifies the 
scattered results of the specimens welded at Tap 9 of the 
WS7. 

Since the impurities are forced from the center toward 
the outside edge of the weld, the center section of the 
weld line will be satisfactory at an upset pressure which 
is still insufficient to force the impurities from the outer 
zone. Since the slag is expelled from the weld line sym- 
metrically in all directions, there is a circular slag-free 
area for each upsetting pressure, whose diameter increases 
with increasing upsetting effect. Therefore, if only a 
portion of the welded cross section is tested, the observed 
strength depends upon the size and location of the test 
section in the weld. The strength of welded test bars, 
which is variable with the pressure, must increase 
abruptly as soon as the applied upset pressure is suffi- 
ciently high to remove the impurities from the section 
that is tested later. The sudden increase was observed 
during the notch-impact and repeated-impact tests. 
In the impact test, the section tested’ is comparatively 
small and rectangular and lies unsymmetrical in the 
weld, due to notching. In spite of this, the irregular 
variation in strength can be recognized. These condi- 
tions are more favorable for the repeated-impact test 
because the cross section of the specimen is circular and 
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concentric to the weld line. They are also larger, conse. 
quently the individual defects do not have such a strong 
influence on the strength of the joint. As expected, the 
repeated-impact results increase sharply at the critical 
upset pressures to values which lie more than twice as 
high. 

The question why the jump in strength occurs sooner 
in welds made at Tap 9 still remains. In this connection 
it must be recalled that the pressure distribution a: 
the weld line during upsetting is less uniform the less 
the ends are heated. For specimens welded at Tap | 
the pressure equalization is facilitated because the abut 
ting ends will deform more easily. The welds made at 
Tap 9 upset only near the outer surface of the joint « 
that most of the upsetting force is carried by the center 
of the cross section. This results in a better and quicker 
elimination of the slag from the center of the weld se 
tion. 


Influence of the Size and Shape of the Welded Cross 
Section 


In welding the 30-mm. (1.18-in.) round steel bars it was 
found that the strength of the joint increases with th 
cleanliness of the weld. Thus, it is justifiable to assun: 
that all factors which help this condition are favorabl 
whereas all others are detrimental. Therefore, the six 
and shape of the sections should be judged on the basis 
of their influence on the formation of oxidation product: 
and their removal during upsetting. It is easy to se 
that the elimination of the deposits on the abutting sur 
faces depends largely on the size and shape of the sectio: 
The shorter the slag paths and the larger the perimeter 
of the weld with respect to the cross section, the quicker 
and easier it is to eliminate the undesirable constituents 
from the weld, and thus the greater the assurance of 
perfect joint. Therefore, small sections have an advai 
tage over large ones, and broken sections over solid ones 
In applying the data obtained from the investigation 0 
the 30-mm. (1.18-in.) round bars, it should not be over 
looked that the changed heating and cooling conditions 
influence the upsetting action. 

In order to test these ideas with respect to small cross 
sections, a series of joints was made with C 10.61 stee! 
15 mm. (0.59 in.) in diameter at Taps 3, 5 and 9 on th 
WS6 and tested in a Schenck fatigue testing machin 
according to Wohler’s method. Cross sections 15 mm 
(0.59 in.) in diameter, should be welded at Tap 4 in 12 t 
20 sec., according to the rating tables. Tap 9 was 1 
cluded in order to find out the behavior of joints that 
were welded with extra high energy input. Under this 
condition the total welding time was only 5 sec. [li 
diameter of the test bars made from these joints was ‘|. 
mm. (0.37 in.) at the section tested, so that the outer 
zones of the weld were not included in the test. Further 
test data are given in Table 15, and the result is als 
shown in Figs. 74 and 75. 

All specimens that failed broke at the weld line. 11 
high strength of the specimens welded at Tap 9 is note 
worthy. In spite of the high current used, considerable 
slag was expelled. Several circumstances were prob: - 
responsible for this result. There was a considerable 
ference found during the burn-off period compared to th 
30-mm. (1.18-in.) round bar, for the explosion of the cur 
rent bridges cleaned the entire flashing surfaces becaus 
they were in the immediate vicinity of the point o! a! 
tachment of the bridge. In addition, the high flashin: 
energy applied causes a sharp drop in temperature © 
both sides of the weld, which is further increased by t! 
fast burn-off. Therefore, it is largely the cross sectio! 
closest to the flashing surfaces that are the most involve’ 
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Table 15—Fatigue Strength of Flash-Welded Joints of St C10.61 Steel Bars, 15 Mm. (0.59 In.) in Diameter, Welded at Taps 


3,5 and 9 


Burn-off, 10-12 mm. (0.39-0.47 In.) Test Specimens, 9.5 Mm. (0.37 In.) in Diameter 


Welding Fatigue Test 
Tap Welding Time in Seconds Peak Number Location 
Num- Set” oa Post- Load, Stress Load of Cycles of 
ber ting heat Flash heat Total Kw. Kg./mm.© p.Sei. to Failure Fracture Remarks 
1 9 1.5 3.2 0.6 5.5 37.5 22.0 31,300 849, 800 Weld 
2 + 2.5 3.1 0.5 5.9 34.5 20.0 28,500 > 25,645,000 (1) 
3 9 4.1 3.6 0.5 8.0 38.5 22.0 31,300 1,481,900 Weld 
4 9 2.6 3.0 0.3 5.9 36.0 21.0 29,900 1,363,200 - 
5 9 1d 3.35 0.4 5.0 37,0 20.0 28,500 621,800 “ 
- 9 2.0 3.0 0.4 5.4 37.0 19.0 27,000 > 23,913,400 
7 9 le2 3.5 0.3 5.0 39.0 20,0 28,500 > 28,257,000 
5 9 1.8 361 0.2 5.1 39.5 21,0 29,900 1,223,500 Weld 
9 9 3.0 0.3 4.5 38,8 20.5 29,200 640, 200 
10 5 6.9 15.0 0.4 22.3 19.0 28.0 39,800 187,700 Weld 
ll 5 Te2 0.3 16.7 17.6 24.0 34,100 200,300 
12 5 9.9 10.4 0.5 19.9 22.0 20.0 28,500 625,400 43 
13 12.0 7.0 0.3 19.3 18.0 12,0 17,100 > 11,854, 900 
14 5 4.6 13.2 0.8 18.6 21.3 16.0 22,800 > 24, 708, 900 
15 5 6.3 11.0 0.5 17.8 19.5 18.0 25,600 > 16,881,000 
16 5 5.1 11.6 0.2 16.9 18.0 20.0 28,500 > 26,795,000 
17 5 2.7 14.2 0.5 17.2 19.0 22.0 31,300 > 36,468,000 
18 § 12.3 5el 1.4 18.8 18.0 20.0 28,500 364, 800 Weld 
19 3 48.3 10.8 1.5 60.6 7.5 20.0 28,500 51,600 Weld 
20 3 27.6 21.4 1.9 50.9 10.2 16.0 22,800 1,952,500 = 
21 3 8.l 37.7 0.4 46.2 13.5 14.0 19,900 >24,687,300 (2) Flashing 
22 3 18.6 27.6 0.6 46.8 13.5 24.0 34,100 28,200 Weld was 
23 3 6el 39.6 0.9 46.6 15.5 16.0 22,800 585, 700 ® often 
24 s 10.9 33.6 0.8 45.3 12.5 15.0 21,400 15,463,300 = inter- 
25 3 14.8 29.4 1.0 45.2 12.4 16.0 22,800 596,400 - rupted 
26 3 9.5 35.4 0.7 45.6 15.6 14.5 20, 600 > 22,844, 600 with short 
27 3 8.2 31.3 0.8 40.3 14.2 15.0 21,400 1,296,200 Weld circuits 
(1) Broke in the weld at 23 kg./mm ? (32,700 psi.) after 690,400 cycles 
2) Specimen did not fail at a stress of 18 kg./mm 2? (25,600 psi.) after 17,830,000 cycles at a stress of 22 kg./mm.? (31,200 psi ) and 
673,000 cycles, specimen failed at weld 
28 39,800 
34,100 
24 4 
& 
n 
12 17,100 |™ 
a 8 11,400 
4 Tap Zz 5, 700 
WS6 Tap 5 
WS6 Tap 9 0 
NUMBER OF CYCLES 
Fig. 74— Wohler’s Curves for Joints Made in St C10.61 Steel 15 Mm. (0.59 In.) in Diameter 
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during upsetting, thus causing intense squeezing at the 
surface with little upsetting (increase in diameter). It 
should also be taken into consideration that there is al- 
ways excessive upsetting energy when the smaller weld- 
able cross sections are being made on a given machine. 
This is because the upsetting capacity of the machine is 
designed for larger cross sections. Consequently, there 
is always a comparatively higher upsetting pressure when 
welding small cross sections. The good results obtained 
from joints welded at Tap 9 were also made possible by 
the short distance required to expel the slag and the large 
ratio of the circumference to the cross-sectional area. 
The ratio U/Q, for round cross sections is U/Q = 4/d 
(where Q is the cross-sectional area). For a diameter (d) 
of 30 mm. (1.18 in.) the ratio is 0.133, for a diameter(d) 
of 15 mm. (0.59 in.) the ratio is 0.266, which is twice as 
high and, therefore, more favorable. An equally favor- 
able cross section (U/Q = 0.266) from the upsetting 
standpoint can be calculated having the same cross sec- 
tion as the 30-mm. (1.18-in.) round bar (with an area of 
707 sq. mm.—1 sq. in.), by selecting a rectangular cross 
section with the sides, a and }, by using the following 
formulas: 
Q=a-b = 707 

U 2b 

QO 707 
The solution gives a rectangular cross section with side a 
= 85.85 mm. (3.38 in.) and b= 8.22 mm. (0.32 in.). On 
a similar basis, a tubuler cross section with an outside 
diameter of 37.5 mm. (1.48 in.) and an inside diameter of 
22.4 mm. (0.88 in.) has an equally favorable relationship 
for upsetting. If steel strip 85.8 x 8.2 mm. (3.38 x 0.32 
in.), or tubing with a 37.5 mm. (1.48 in.) O.D. and 22.4 
mm. (0.88 in.) I.D., is welded, the upsetting conditions 
would correspond to those of the 15-mm. (0.59-in.) 
round bar, instead of the 30-mm. (1.18-in.) Since a cir- 
cular cross section represents the smallest possible area of 
a given surface, it is impossible to make a specimen com- 
parable in size with an area ratio of 0.133 with smaller 
cross-sectional areas than 707 sq. mm. (1.09 sq. in.). 

The joints in 15-mm. (0.59 in.) round bars welded at 
Taps 3 and 5 have a lower endurance limit than those 
welded at Tap 9. The available upsetting energy 
obviously could not be used to its full advantage because 
of the intense heating of the ends of the work and the re- 
sulting high plasticity. Since the upsetting mechanism 
has a fixed gear ratio which permits only a limited upset- 
ting speed, the upsetting force under the above condi- 
tions could be considered a minimum. -A large amount 
of upset (increase in cross section) resulted without a 
corresponding surface pressure, as a result of which the 
slag inclusions and gas remained in the weld line. The 


fatigue strength must therefore be correspondingly un- 
favorable. 


= 0.266 
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The conditions that would prevail for cross sections 
having an area greater than 700 sq. mm. (1.09 sq. in, 
cannot be obtained directly from the experimental work 
to date, although, the fundamental deductions would be 
the same. Open sections will be more favorable than 
closed ones because of the shorter distances for slag re. 
moval and the better area ratio. Since considerably 
larger amounts of slag must be expelled through the 
periphery, and since the circumference per unit of area 
decreases with an increase in cross-sectional area for a 
given form, the influence of the area ratio will probably 
be of increasing importance. The time of upsetting wil] 
also have a bearing on the process because of the neces 
sary movement of the slag and the limitations of the ve 
locity. 


Conclusions 


Because of the close relation between welding tech- 
nique and the quality of the joints, strength data are fully 
useful only when the material and the welding and test. 
ing conditions are known to the smallest detail. The 
welding schedule is adequately described by the size and 
shape of the weld cross section, the welding times, the 
amount of burn-off the maximum energy output from 
the transformer and the upsetting pressures. The elec- 
trical characteristics are augmented by the mechanical 
characteristics of the flash-welding machine. However, 
it is usually sufficient to know just the open-circuit volt 
age and the maximum current load of the original cross 
section during upsetting. A good understanding of the 
flash-welding cycle may be obtained by the input and 
current vs. time graphs and the records of the rate of 
platen advance. The question as to whether the pres 
sure-travel curve should be used in place of the upsetting 
pressure for large cross sections, is left unanswered. On 
the basis of the required data, reproducibility of the 
joints is insured. 

Since the foregoing experience on the reciprocal rela- 
tions between the welding conditions and their effects on 
the quality of the joints was obtained solely on mild 
steels, the conclusions, strictly speaking, can be applied 
only to this material. However, it is certain that high 
quality steels, particularly those which are sensitive to 
heat and notch effects, would place greater emphasis on 
the welding details. Therefore, it is expedient that the 
data for each production setup be as complete as possible, 
and that they be supplemented with other information 
such as the length of work projecting from the dies. 

For evaluating the joints, in addition to the type o/ 
test and design of the test bar, the size, shape and posi- 
tion of the test section in the weld joint are important. 
Since slag expulsion proceeds from inside to outside, thie 
properties are best at the center. Conversely, an insufli- 
cient upsetting effect shows up first around the outside. 
The rotating-beam fatigue test was found to be the most 
appropriate test method, because it detects slight varia 
tions in strength as well as shows small details of the 
quality of the joint on the fractured surfaces when a speci- 
men fails at the weld line. This is also true for the 
notched and repeated-impact tests. In any test method, 
however, provision should be made for the test specimen 
to be as large as possible, and to correspond approxt- 
mately to the size of the original joint. It is well to use 
the simple bend test with notched and unnotched test 
bars. The unwelded base material serves as a basis 0! 
comparison. The usual tension test is unsuitable, as 
many times the results lead to erroneous conclusions. 
The conditions for judging the joints are more favorable 
when notched test specimens are used. 

The energy load during preheating and flashing must 
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be regulated with respect to the cross-sectional area of the 
material so that the capacity of the upsetting mecha- 
nism can be used to best advantage. From the standpoint 
of heating the abutting surfaces and the effectiveness of 
the upset due to the resistance to deformation which is 
thus established, the highest possible energy should be 
used during welding. If the conditions for slag removal 
are favorable, as in tests for 15-mm. (0.59-in.) round 
bars, this requirement can be practically met without en- 
dangering the strength of the joint. The opportunity 
for doing this is given by the smaller sizes of material 
on a given machine. The maximum electrical loading 
for the parts to be welded is determined by the adapta- 
bility of the upsetting mechanism to produce the neces- 
sary upsetting force and speed for complete elimination 
of the oxidation products. If slag removal is made less 
favorable by the size and shape of the cross section, the 
energy load must be selected with caution. It was be- 
cause of this fact that the 30-mm. (1.18-in.) round steel 
bars welded at Tap 9 of the WS7 failed prematurely dur- 
ing the fatigue test. 

The same considerations apply in principle to deter- 
mine whether it is permissible to start flashing without 
preheating. Because of the exaggerated energy loads, 
overheating and gas pockets on the abutting surfaces are 
to be feared, and it cannot be certain that they will be 
eliminated by upsetting. The large temperature varia- 
tion between neighboring areas and the stresses which 
are thereby produced during and after welding give cause 
for concern. Some failures have also occurred. In spite 
of that, flash welding in this form is practiced in the mass 
production of small sections with very favorable deslag- 
ging conditions to obtain the highest possible output with 
the greatest economy. However, this goal can be ap- 
proached by other methods without involving the in- 
tegrity of the joints. Actually, the high electrical energy 


is a disturbing factor only toward the end of the flashing 
period. For this it is only necessary that, as the welding 
proceeds, the current should be decreased by steps or 
continuously to the proper level depending upon the 


amount of burn-off or platen advance. This also gives 
the advantage that the limitation to definite cross sec- 
tions is eliminated (German patent applied for). 

If pieces are to be flash welded which exceed the me- 
chanical capacity of the machine, the maximum strength 
of weld that could be expected would correspond to the 
pressure obtained at the surfaces of the material during 
upsetting. Welding oversized open sections is frequently 
unsatisfactory because of the high heat losses which 
hinder the establishment of welding temperatures on the 
abutting surfaces. The electrical energy is most likely 
sufficient for heating solid cross sections. A long pre- 
heating and flashing period causes the work beyond the 
abutting surfaces to be heated to such an extent that 
the already insufficient upsetting effect will be further 
lowered by the easy deformation of the ends of the work. 
Welding under such conditions should be avoided as 
much as possible. 

After emphasizing the importance of slag removal from 
the abutting surfaces during upsetting, it is not neces- 
Sary to elaborate on how important it is that the work 
be properly aligned and that is should not yield during 
upsetting. It is advisable to use clamping dies that pre- 
vent any movement of the work after adjustment has 
been made. 

Cutting the current off before or after upsetting has 
no influence on the strength of the joints provided that 
the temperature does not drop at the abutting surfaces 
before upsetting and that the joint is protected from un- 
necessary heating immediately after welding. Within 
these limits, the instant of current cut-off should be se- 
lected in so far as it is necessary to make such a decision, 
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according to expediency. Early current cut-off 1s 
economical and is suited to solid sections and heat-sensi- 
tive materials, whereas a later cut-off would be advisable 
for open sections with larger exposed surfaces and corre- 
spondingly high heat losses. 

The unavoidable variations encountered during the 
preheating and flashing periods on manually operated 
flash welders do not have as much influence on the qual- 
ity of the joint as variations in the upsetting pressures. 
Therefore, the upsetting pressure should be closely con- 
trolled, whereas the welding time and amount of burn-off 
need only be considered to improve further the uniform- 
ity of the product. A pressure indicator is preferred 
which permits reading after each weld, to avoid unnec- 
essary attention of the operator. 

In order to obtain perfectly uniform welding conditions 
which according to Eschelbach are particularly essential 
for high quality steels, all individual defects must be 
eliminated. With large machines, development has al- 
ready proceeded along these lines, having been forced 
by the fact that the high upsetting capacity requires a 
motor drive and, with this method of operating the ma- 
chine, it was also obviously desirable to add to the motor- 
ization of upsetting a control mechanism for the platen 
travel during preheating and flashing. By now it should 
be apparent that the main advantage of automatic weld- 
ing machines lies in their establishment and precise con- 
trol of all important welding conditions and that it, 
therefore, is not only advantageous but in many cases is 

The 
control of the upsetting pressure with suitable instru- 
ments is also necessary on automatic machines. An in- 
dicator showing the clamping force of the dies on the work 
may be dispensed with even in large machines because 
poor clamping of the work is indicated by a deficient 
upsetting pressure. However, clamping vressure indi- 
cators are desirable as an added precaution for knowing 
that the welding operation will proceed properly. 


Summary 


Small differences in fatigue strength gave rise to stud- 
ies of the various phases of flash welding, e.g., preheating, 
flashing and upsetting. Flashing is the predominant 
factor for heating the work. Directly after one another 
come: a short circuit, a current bridge of molten metal, 
explosion of the current bridge by vaporization of the 
metal, and expulsion of the molten metal leaving craters 
in the abutting surfaces. Then the cycle of events re- 
peats. From this picture which has been experimentally 
determined, the limiting conditions for energy input and 
rate of burn-off were deduced. The finding is noteworthy 
that when high energy inputs are used, pits are left at 
the bottom of the flashing craters which under some cir- 
cumstances cannot be eliminated from the weld even 
by using a powerful upset. 

Temperature measurements and microexaminations 
clearly show the influence of the energy input and weld- 
ing time on the structure and the heat-affected zones. 
As the energy input increases with a corrésponding de- 
crease in welding time, the heating effect on the work de- 
creases until the conditions at the abutting surfaces are 
reversed and rapidly become unfavorable. By means of 
hardness and tension tests on notched and unnotched 
test bars, the location of fracture is explained. The 
conversion factor between tensile strength and hardness 
varies only slightly as the distance from the weld de- 
creases. 

Comparative fatigue tests showed that joints made in 
mild steels having precipitation-hardening properties 
had a higher strength when polished than the unwelded 
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base material. Also, rough-machined joints broke out- 
side the weld in the rolled surface, whose effect is greater. 
The surface factor for the rolled surface was found to 
have a value of 0, = 1.20, which agrees closely with 
other investigations. The welding time and energy in- 
put have an influence on the strength to the extent that 
at excessively high flashing currents the strength of the 
weld becomes uncertain without any external indication 
being present. 

In order to determine the effect of upsetting, a large 
number of welds were made on Taps 6 and 9 of the WS6 
using various upsetting pressures, and were tested for 
fatigue strength, repeated-impact strength, notch tough- 
ness, bend angle and tensile strength. The endurance 
limit increases slowly as the upsetting pressure increases 
until, at about the endurance limit of the starting ma- 
terial, it becomes uniform. An upsetting pressure of 
about 2.9 kg./sq. mm. (4100 psi.) was required for weld- 
ing 30-mm. (1.18-in.) round steel bars at Tap 6 of the 
WS6 in order to obtain 90% of the endurance limit of the 
unwelded material. Higher flashing currents increased 
the scattering of the strength results over the entire 
range of upsetting pressures. 

From the examination of the fractured surfaces and 
radiographs, the results of the various test methods, and 
the proportion of the tested cross section te that of the 
welded cross section, it is concluded that the quality of 
the joints depends upon the amount of impurities in the 
weld such as porosity, slag and overheated material, al- 
though these impurities do not have the same effect as 
sharp notches or similar defects. Therefore, all condi- 
tions which influence the formation and expulsion of 
oxidation products, primarily welding current, welding 
time and upsetting pressure, are critical with respect to 
the strength of the joint. The size and shape of the parts 
are alsc important factors because slag removal becomes 
more favorable the more easily all undesired constituents 
can be eliminated from the abutting surfaces. The ex- 
periments on Steel C 10.61 confirm this assumption with 
respect to smaller cross sections. 

In the conclusion to the report a number of questions 
are discussed relative to the testing and characteristics 
of the joints, the operation of the machines and the pos- 
sibilities for future development. 
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The Spot Welding of NE 8715, NE 8630 
and SAE 4340 in the 
0.125-In. Thickness 


By W. F. Hess,t W. D. Doty! and W. J. Childs 


Foreword 
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Mallory & Co., Inc.; G. S. Mikhalapov, War Metallurgy Com- 
mittee; V. V. Whitmer, Republic Steel Corp. 


Summary 


HIS report describes work done in establishing 

optimum conditions for making tempered spot 

welds in threé different type steels in the 0.125- 
in. thickness. This work is a continuation of similar 
investigations on steels of various grades mainly in the 
0.040 in. thickness.'~* 

It is shown that great improvements in the mechanical 
properties of the welds are obtained through tempering 
in the welding machine. The greater the hardenability 
of the steel, the more will the mechanical properties be 
improved. For example, in the case of SAE 4340, the 
shear strength is more than doubled, the normal tension 
strength almost tripled and the normal impact strength 
increased twelve times. This process consequently makes 
it possible to spot weld steels which would be unweldable 
using conventional methods of spot welding. 


Introduction 


The feasibility of making tempered spot welds in a 
variety of different steels in the thinner gages had al- 
ready been established in this laboratory prior to the 


present investigation. However, it was felt that before 
the process could have a wide adoption in industry, more 
data on additional steels and thicknesses were necessary. 
This is the first report on a program established at the 
Rensselaer Polytechnic Institute to supply such addi- 
tional data. It covers the spot welding of NE 8715, NE 
5630 and SAE 4340 in the 0.125-in. thickness. The steel 
NE 8715 was chosen as a general substitute for the 
proprietary low-alloy steels. The steel NE 8630 was 
selected as being most representative of the medium 

* Progress Report on The Spot Welding of High Tensile Carbon and Low- 
Alloy Steels to the Office of Production Research and Development, War 


Production Board, WPB-193. 
t Welding Lab., Rensselaer Polytechnic Institute, Troy, N. Y. 


alloy steel group, and SAE 4340 as typical of the alloy 
steels in the 0.40% carbon range. When these steels are 
spot welded the subsequent rapid cooling results in a 
brittle martensitic structure with poor mechanical proper- 
ties. Tough, ductile welds may be obtained by passing a 
short postheat current after the weld has cooled to 
martensite. This raises the temperature to a value just 
below the austenitization range producing a tempered 
structure. 


Material 


The chemical analyses and mechanical properties of 
the steels used are given in Tables 1 and 2. The ma 
terial was supplied in the hot rolled, normalized and 
drawn condition. The surface of the SAE 4340 was 
unsatisfactory for spot welding, and thus necessitated 
alundum grit blasting. Inconsistencies in the heat 
treatment of welds made in the NE 8715 were also cor 
rected by grit blasting. In the case of the NE 8630 the 
surface was better and a trichloroethylene vapor de- 
greasing treatment was sufficient. However, some work 
was done on this steel using blasted stock for com 
parison purposes. 


Equipment 


Electronic control equipment provided accurate tim- 
ing of the duration of the weld current, cool period and 


Table 1—Chemical Analyses 


Element NE 8715 NE 8630 
Carbon 0.165 30 0.38 
Manganese 83 0.60 
Phosphorus : 0.016 
Sulfur 2 0 
Silicon 2: 0.2: 
Nickel 
Chromium 
Molybdenum 
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Table 2—Mechanical Properties 


Yield 
Strength, 
Grade Psi 
NE 8715 61,600 
NE 8630 83,700 
83,800 


Ultimate 
Strength, Elongation Harduess 
Psi. in 2In., % Rockwell B 
81,700 95.0 
103,300 19.5 
102,100 23.5 
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temper current. The magnitudes of the weld and temper 
currents were varied by means of phase shifting. An 
electric timer utilizing a pair of precision synchronous 
clocks was employed to check the timing periods. The 
current times were sufficiently long to permit the use of 
an Esterline-Angus strip chart recording ammeter for 
measuring the currents. This meter was connected by 
means of a current transformer into the primary circuit 
of the welding machine. In order to prevent variations 
in current resulting from changes in the line voltage or in 
the impedance of the welding circuit, an automatic cur- 
rent regulator was used. Details of the construction and 
operation of this equipment are described in the liter- 
ature.° 

Dome-shaped electrode contact surfaces of restricted 
diameter, with a 30° conical approach to the contact 
surface, were used throughout the investigation. It was 
found that for the 0.125 in. thickness of material, the 
dome-shaped electrodes caused less distortion and gave 
better current distribution than flat electrodes. The 
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Fig. 1—Specimen and Fixture Used for Normal Tension Test 
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BRACING PLATES | 


Fig. 2—-Specimen Used for Normal Impact Test 


electrodes were cooled by water maintained at 38° F 
and flowing at 6 gal./min. to each electrode. 


Testing 


In determining the optimum welding conditions for 
each steel three mechanical tests were employed, namely, 
the normal tension, shear, and normal impact tests 
The normal tension and normal impact tests were very 
sensitive to slight changes in structure. The normal 
tension test was used for the major portion of the work 
since the specimens were simpler to prepare and the re- 
sults were somewhat more consistent. Since the '/,-in. 
plates were too thick to be bent as required in the U- 
test, a new test for normal tension was developed. The 
specimen for this test, as shown in Fig. 1, consists cf two 
plates 2 x 6 in. welded together at the center of an over- 
lapping cross. A */,-in. hole drilled 1 in. from the end of 
each piece, permitted bolting the specimen in the jig 
shown. The jig is pulled in a standard tensile testing 
machine, using a self-aligning fixture. The jig was de- 
signed to prevent excessive bending of the plates while 
applying a tension force normal to the weld interface. 

The shear strength was measured on a specimen made 
from two 2- x 6-in. plates welded together with a 2-in. 
overlap. In order to more thoroughly investigate the 
weld properties, the normal impact test was also used. 
For this test two 2- x 6-in. pieces were welded in the form 
of an overlapping cross. To minimize bending of the 
specimen, reinforcing plates were attached, as shown in 
Fig. 2. A modified Fremont impact tester, shown in 
Fig. 3, was used to test these welds. A falling forked 
weight was designed to apply an impact load simultane- 
ously to both ends of one plate of the specimen. The 
other plate was clamped rigidly in the jig. Excess energy 
was absorbed by two calibrated steel springs. The 
maximum deflection of the springs was indicated by an 
aluminum push rod. The actual deflection could then 
be measured with a steel scale or dial gage and the cor- 
responding residual energy obtained from a calibration 
curve. The height from which the 37.5-lb. weight was 
dropped could be varied, providing a maximum impact 
energy of 450 ft.-lb. when dropped from a height of 12 ft. 


_ Procedure—Selection of Welding Conditions 


Weld Diameter.—Previous spot-welding experience i0 
this laboratory indicated that a spot-weld diameter of at 
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least three times the sheet thickness would be required 
to obtain satisfactory consistency. The work on harden- 
able steels indicated that a diameter of at least four 
times the sheet thickness might be required for these 
higher strength steels. Weld diameters of 0.40 and 0.55 
in. were therefore investigated for the NE 8630. 

Weld and Temper Times.—When it is planned to make 
use of a tempering cycle in connection with the spot weld- 
ing of hardenable steels, the shortest possible weld time 
should be selected. This will require the minimum 
energy input for welding and will therefore insure the 
shortest total time for the welding and tempering opera- 
tion. For the 0.40-1n. diameter welds, a weld time of 30 
cycles and a temper time of 60 cycles were selected. 
Shorter weld times than 30 cycles required such a high 
power level during welding as to result in inconsistency 
and the possibility of expulsion. Although a temper time 
equal to the weld time was found satisfactory in previous 
investigations for the 0.040-in. sheet, more uniform 
tempering could be produced in the 0.125-in. material 
by making the temper time twice the weld time. For 
the larger 0.55-in. diameter welds, an increase of the weld 
and temper times to 45 and 90 cycles, respectively, was 
found preferable. 


Fig. 3 (a)—-Modified Fremont Impact Testing Machine Used for Normal 
Impact Test 
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Electrode Contour.—For the initial experiments, 10-in. 
radius dome-shaped electrodes, having contact surfaces 
restricted to °/s in. diameter, were used for making both 
size welds. In order to secure consistent heat treatment 
for the smaller welds, it was later found necessary to 
limit the diameter to in. 

Electrode Force-—From the standpoint of welding 
equipment, sheet distortion and electrode deformation, 
the lowest possible electrode force should be selected. 
However, a sufficiently high electrode force must be 
chosen to give reasonable freedom from porosity and to 
permit the shortest possible weld time without danger of 
expulsion. The tendency toward expulsion may be 
counteracted by an increase in weld force. However, a 
maximum limit on electrode force is reached when sheet 
distortion or electrode deformation become excessive. 
Radiographs were taken of both diameter welds to 
determine the welding pressure which practically 
eliminated all porosity. 

Cool Time.—The cool time which was just sufficient to 
allow the weld to transform to martensite was de- 
termined independently for each weld size. The proper 
cool time was estimated from data on 0.040-in. material 
to be about 180 cycles. This approximation was based 


Fig. 3 (b)—Close-up View of Impact Tester Showing 
Specimen Bolted in Place 
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on the fact that cool time varies directly as the square of 
the thickness of the material. It was realized that this 
was a rough approximation owing to differences in rela- 
tive weld size and energy input. To determine more 
precisely the proper cool time, several values of time were 
selected and welds made with varying temper current. 
In this way welds were obtained for a number of different 
cool times in which the structure varied from partly 
tempered to rehardened martensite. The welds were 
sectioned and hardness surveys made parallel to the 
plate interface. Tempering across the whole weld was 
possible only if complete transformation had occurred. 
Therefore the minimum cool time could readily be de 
termined from these hardness surveys. 

Temper Current.—Having found the cool time, normal 
tension specimens were made at various temper curreiits 
te find the optimum value of postheat current. The 
normal tension test results were supplemented | y shear 
and normal impact tests. This completed the determi 
nation of optimum welding conditions. 

To determine the ability of the electrodes to make a 
large number of tempered spot welds, tip life studies were 
made for both the 0.40- and 0.55-in. diameter welds. 
Specimens were tested at intervals during these studies. 


Fig. 4—-Electronic Control Equipment Used for Making Tem- 
pered Spot Welds 


For comparison purposes, work was done both on ma- 
terial that had been grit blasted and on some that had 
been degreased but was otherwise in the as-received 
pickled condition. In determining the conditions for 
welding the SAE 4340 and NE 8715 steels, the same 
procedure was followed. 


Results and Discussion 


NE 8630.—The correct cool time was selected princi- 
pally from examination of the hardness surveys. If in- 
sufficient cooling occurs, the center of the weld will not 
transform prior to tempering and consequently will not 
be affected by the tempering operation. This is true at 
180 cycles for a 0.55-in. weld as shown in Fig. 5. The 
best mechanical properties with this cool time were ob- 
tained with the 68% temper current. The center of the 
weld in this case is hard because it did not transform to 
martensite during the cool time and thus was not tem- 
pered. The edges of the weld cooled sufficiently to be- 
come martensitic before tempering. With the 76.0% 
temper current the weld was almost completely re- 
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Fig. 5--Hardness Surveys of Welds Made with NE 8630 Stee! 
Using a 180 Cycle Cool Time, Illustrating the Effect of Incom 
plete Transformation 


hardened. With a 240 cycle cool time the hardness level 
was reduced across the whole weld indicating complete 
transformation. This is illustrated in Fig. 6. Macro 
graphs of these and of other welds in the same series are 
shown in Fig. 7. The nontransformed areas of the welds 
having a 180 cycle cool are visible as broad oval-shaped 
areas in the center of the weld. Thus, it is possible b\ 
examining a series of specimens to tell whether trans 
formation is complete. The threshold of reaustenitiza 
tion and consequent rehardening, resulting from too high 
a temper current, can be recognized by the cigar-shaped 
envelope present in the center of the weld. This is ev: 
dent in Fig. 7 (g) and 7 (h). The lighter area within the 
envelope has rehardened. 

Normal tension strengths are plotted as a function oi 
the temper current in Fig. 8. The average value is given 
by the solid line through the points. The maximum and 
minimum strengths obtained at each temper current 
value are indicated by the ends of the vertical line 
drawn through each point. This curve shows results 
obtained for material that was grit blasted. It is 
apparent that the maximum improvement is obtained 
ata value of 83-85% of the weld current. Corresponding 
shear and normal impact strengths are shown in Fig. ‘) 

Using 10-in. radius domes with the spherical surface 
restricted to °/, im. diameter, it was found impossible to 
secure consistency in the heat treatment of 0.40-in. welds, 
in spite of uniform weld size. Consistency, however, was 
obtained when the spherical surface was restricted to 
'/, in. diameter with either 6- or 10-in. radius domes. An 
electrode tip diameter closer to the diameter of the weld 
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Fig. 6—-Hardness Surveys of Welds Made with NE 8630 Stee! 
Using a 240 Cycle Cool Time Showing Complete Transforma- 
tion 
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allowed better current distribution during the tempering 
operation. 

rempered spot welds of 0.40 in. diameter showed a 
somewhat greater percentage improvement in mechanical 
properties than was obtained with welds of 0.55 in. 
diameter. Tip life studies were made for both the 0.40- 
and 0.55-in. diameter welds. In the case of the 0.40-in. 
welds electrodes having 6- and 10-in. radius domes were 
tried. The results are given in Table 3. The normal 
tension strength of the smaller welds dropped from 3600 
lb. when made with freshly machined tips to 1900 Ib. 
after 200 welds. However, the 0.55-in. diameter welds 
maintained their strength even after 450 welds. Profile 
examination of. the smaller electrodes showed that their 
contour had changed appreciably after only 200 welds, 
whereas the larger size electrodes were not materially 
distorted even after 450 welds. It is possible to make 
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Fig. 7—Photomacrographs of Welds Made in NE 8630 Steel Using 180 and 240 Cycle Cool Times. 
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Table 3—The Effect of Tip Life on Normal Tension Strength 


Normal Tension Strength, Lb 
Weld —— A 
Electrode Dia As-Ma- After 
Electrode Tip Force, meter, chined 200 
Contour Lb. In Tips Welds 
6-in. radius 3500 0.40 3600 1900 
'/o-in. diameter 
10-in. radius 
diameter 
10-in. radius 
diameter 


After After 
350 450 
Welds Welds 


3500 0.40 3930 1970 


4500 0.55 4900 5000 4750 5080 


sound welds 0.55 im. in diameter at a considerably lower 
average unit pressure over the contact surface than that 
required for 0.40-in. diameter welds. This is the principal 
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Fig. 8—Variation of Normal Tension Strength with Temper 
Current for Welds Made on Grit-Blasted NE 8530 Steel 


reason for the better life of the larger electro des. 
basis of these studies, the smaller welds were abandoned 
in favor of the larger ones. 

For comparison purposes, check runs were made om 
material in the as-received pickled condition and also on 
some that had been alundum grit blasted. Normal ten- 
sion strengths previously shown in Fig. 8 were for grit 
blasted material. The corresponding curve for the 
pickled surface is shown in Fig. 10. The temper current 
resulting in maximum strength is considerably lower 
than that found when using blasted material. The 
probable explanation for this difference is that faster 
heat loss to the electrodes 1n the case of the blasted sur- 
face results in a lower temperature being reached in the 
same cooling time. Consequently a higher temper cur- 
rent is needed to reach the same tempering temperature. 
Furthermore tests showed that transformation was com- 
plete in 210 cycles for the blasted material as contrasted 
with 240 cycles needed for the unblasted surface. 

As a result of tempering, the shear strength is im- 
proved 15%, the normal tension strength tripled and the 
normal impact strength increased sixteen times. 

SAE 4340.—Based on the work with NE 8630 steel, 
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Fig. 9Shear and Normal Impact Strengths Corresponding to 
Normal! Tension Strengths Shown in Fig. 8 
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Fig. 10-- Variation of Normal Tension Strength with Temper 
Current for Welds Made on Pickled NE 8630 Steel 
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Fig. 12--Shear and Normal Impact Strengths for SAE 4340 
Corresponding to Normal Tension Strengths Shown in Fig. 11 


a weld size of 0.55 in. diameter was chosen for the SAE 
4340 steel. This alloy was received with a thin scal 
adhering to a considerable portion of the surface. Thi 
surface contact resistance was high and erratic, to a! 
extent causing inconsistency in the strength of tempered 
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Fig. 13—Hardness Surveys Corresponding to Points in Figs. 11 
and 12 Showing the Effect of Various Tempering Currents on 
the Hardness 


welds. Difficulty was experienced in attempting to re- 
move the remaining scale by pickling. Alundum grit 
blasting was therefore adopted as a method of preparing 
the surface for spot welding. It was found that a cool 
time of 240 cycles allowed complete transformation. A 
temper current of 87% of the weld current gave optimum 
weld properties as shown in Figs. 11 and 12. Correspond- 
ing hardness surveys are plotted in Fig. 13. It will be 
noted that although 82°, of the welding current gives the 
best appearing hardness survey, it does not give the 
greatest mechanical improvement. The survey for a 
temper current of 86.59, of the weld current shows re 
hardening over most of the center of the weld. However, 
the hardness level at the edges is reduced slightly below 
that for the 82% temper current. Since practically all 
the stress in a spot weld occurs at the periphery, the re- 
hardening of the center portion does yot affect the weld 
strength. Furthermore, the slight decrease in hardness 
in the critical region at the weld edge results in increased 
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Fig. 14—-Normal Tension Strength as a Function of Tempering 
Current for NE 8715 
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Fig. 15—-Shear and Normal Impact Strengths Corresponding to 
Normal Tension Strengths Shown in Fig. 14. NE 8715 


toughness at this most highly stressed portion. Conse- 
quently for this steel the best tempering condition re 
sults in some rehardening. It is important to note that 
the hardness level at the edges is reduced from 650 
VPN to less than 400 VPN. By tempering, the shear 
strength of the welds was raised to 17,100 Ib. as con 
trasted with 7400 lb. for the untempered condition 
The normal tension strength was increased from 2400 Ib 
to an average of 6400 Ib. and a maximum of 8500 Ib 
The normal impact strength was raised from about 20 
ft.-lb. to an average of 250 ft.-lb. 

NE 8715.—Inconsistency was encountered when 
welding as-received or wire-brushed material so that the 
NE 8715 was also alundum grit blasted. Since the carbon 
content in the NE 8715 steel is much lower than in 
either of the other two steels investigated, the martensite 
formation temperature range is higher. Consequently 
transformation can be obtained in a shorter length ot 
time. Tests showed that for a 0.55-in. diameter weld, a 
180-cycle cool time was sufficient. Maximum improve 
ment in weld properties occurred at a temper current 
equal to &6-SS°,, of the weld current as shown in Figs 
14 and 15. Tempering increases the normal tension 
strength from 3400 Ib. to an average of 7500 Ib. and a 
maximum of 10,000 Ib. The shear strength was only 
increased slightly, that is from 15,500 to 16,000 Ib. The 
normal impact strength was raised from an average of 
130 ft.-lb. to an average of 360 ft.-lb. Due to its rela 
tively low carbon content, this steel is not exceptionally 
brittle even in the as-welded condition. Consequently 
not as much improvement can be obtained as im the 
more hardenable steels. This is especially true in the 
shear test where very high values are secured without 
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Fig. 16 Hardness Surveys Corresponding to Points in Fig. 14 
and 15 Showing the Effect of the Magnitude of Temper Current 
NE 8715 
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SAE 4340 - As welded SAE 4340 - Tempered 


Fig. 17 Photomacrographs of Weld Structures Before and After Tempering. 4 X 


tempering. Normal tension and normal impact strengths conditions for all three steels are presented in Tabk 
being more susceptible to slight changes in ductility Photomacrographs of the welds before and after temper 
show considerable improvement. The hardness level is ing are shown in Fig. 17. Photomicrographs of the sam 
reduced from 450 VPN to about 350 VPN as shown in welds are illustrated in Fig. 18. Only slight changes in 
Fig. 16. appearance have been produced. 

The most critical of the welding variables involved 
in the production of tempered spot welds is the magnitude 
of temper current. The narrow range in which optimum 
properties are obtained shows the necessity of very close 

The test results of all the work are summarized in control. This is evident from the curves of normal ten- 
Table 4. The greatest improvement is shown of course sion strength plotted as a function of temper current 
in the more hardenable NE 8630 and SAE 4340 steels. See Figs. 8, il and 14. The maximum improvement 11 
The most striking change is the great improvement in normal tension strength is so critically sensitive to 
the impact strength for these two steels. Tempering is temper current as to be impracticable of attainment im 
evidently of great value in improving the shock resistance production. However, it may be observed that sub- 
of spot-welded structures. For the more ductile NE — stantial improvement may be obtained over a reason 
8715, practically no improvement is obtained in shear ably wide range of temper current. keferring to the 
strength but considerable increase results in the normal values of normal tension strength presented in Table 4, 
tension and impact values. Recommended welding — the lower value is that which may readily be achieved 1 


Summary of Results 


Table 4—Summary of Test Results for Spot Welding NE 8715, NE 8630 and SAE 4340 Steels, 0.125 In. Thickness 


Welded Tempered — 

Normal Normal Normal Norma! 

Shear Tension ~ Impact Shear Tension Impact 

Strength Strength Strength Strength Strength Strength 

Per Spot, , Per Spot, Per Spot, Per Spot, Per Spot, Per Spot, 

Grade Lb. o TD Ft.-Lb. Lb. Lb.* Ft.-Lb 
NE 8715 15,400-15,500 3,250-3,550 110-150 15,900-16,000 5,000-10,000 265-450) 
NE 8630 12,000—16,700 2,000—2, 100 5-15 16,000-17 ,000 5,000— 7,500 130-200 
SAE 4340 7,200— 7,500 2,300-2,400 10-30 17,000-17,200 4,600- 8,500 200-300 


* Minimum value readily exceeded over range of temper current. Maximum value shown is critically sensitive to temper current 
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Fig. 18—Photomicrographs of the Same Weld Shown in Fig. 17. 1000 X 
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Table 5—-Recommended Conditions for Spot Welding NE 
8715, NE 8630 and SAE 4340 Steels, 0.125 In. Thickness 


NE 8715 NE 8630 SAE 4340 

Electrode shape 

Dome radius, in. 10 10 10 

Limiting diam., in 5/5 

Conical approach, deg 30 30 30 
Electrode force, lb. 4,500 », DOO) 
Weld time, cycles 45 45 15 
Weld current, amp. 22,700 21,800 21,800 
Time between weld and 

temper, cycles 180 240 240 
Time of temper, cycles 90 90 On) 
Temper current, ©; of weld 

current 82-88 82-86 S4-8S 
Spot diam., in. 0.55 0.55 0.55 


production since it will be exceeded over a considerable 
range of temper current. The higher value is critically 
sensitive to temper current, as may be seen from the 
above-mentioned curves. The range of recommended 
temper current given in Table 5 is that over which the 
lower value of normal tension strength shown in Table 4 
will be exceeded. Lengthening the time of the tempering 
operation does not lessen its criticalness. 

The alloy steels which are the subject of this report are 
more resistant to tempering than plain carbon steels. 
The maximum improvement in mechanical properties 
occurs at the highest possible temperature below that 
which produces reaustenitization and consequent re- 
hardening. Since the normal tension strength of a weld 
is principally determined by the toughness of the metal 
at the outer edge of the weld, this region must have 
the best possible tempering. Since the center of the weld 
tends to be heated to a slightly higher temperature than 
the periphery, the center tends to be rehardened when 
the edge of the weld has been given the optimum tem- 
pering treatment. The darkened area in the center of 
Fig. 17d is evidence that this region has been raised to the 
threshold of reaustenitization. A slight trace of this 
effect is evident in the other tempered specimens of Fig. 17. 

The shear strength of tempered spot welds, unlike 
the normal tension strength, is not very sensitive to 
changes in temper current. The considerable improve- 
ment in shear strength, found in the case of the more 
hardenable of these alloy steels, is obtained over a very 
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Fig. 19—-Curve Showing Relationship Between the Minimum 
Cooling Time Between Weld and Temper and the Martensite 
Formation Temperature of the Steel 
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broad range of temper current. For this thickness of 
material the normal impact strength appears to be some- 
what less critical than the normal tension strength to 
changes in temper current. 

The temperature of the start of martensite formation, 
M,, was calculated from the formula developed by 
Payson and Savage,* for the steels used in this investiga. 
tion. These temperatures were plotted against the 
minimum cooling time between weld and temper as 
shown in Fig. 19. This report recommends a minimum 
cooling time of 240 cycles for the NE 8630. This was 
found necessary for an unblasted surface and was also 
used for determining the recommended conditions for 
grit-blasted stock. However, it was later found that 
a 210 cycle cool time was sufficient for grit blasted NE 
8630. This figure is more in harmony with the values 
recommended for NE 8715 and SAE 4340, and was used 
in plotting the curve of Fig. 19. Minimum cool times 
for steels in the 0.040-in. thickness as determined in 
previous reports ** were also plotted. With the log 
scale used for plotting cool time, all points for each thick- 
ness fall on a straight line. This linear relationship is 
very important, since it permits finding the cool time for 
any other steel of the same thickness merely by calculat- 
ing its \/, temperature and then referring to the curve 
This cool time will be correct for a weld of the same 
diameter made in the same length of time. 


Conclusions 


1. Tempering in the welding machine ts very ad- 
vantageous in improving the mechanical properties of 
spot welds. 

2. For NE 8715 the normal tension strength can be 
more than doubled and the normal impact strength 
almost tripled. 

3. In the steel NE 8630 the shear strength may be 
improved by 15%, the normal tension strength tripled 
and the normal impact strength increased 16 times. 

4. In the steel SAE 4340 the shear strength can be 
more than doubled, the normal tension strength almost 
tripled and the normal impact strength increased 12 
times. 

5. The minimum cool time after welding and before 
tempering increases with the hardenability of the steel. 
A definite relationship between chemical composition 
and minimum cool time has been found. 

6. A great many more properly tempered sound welds 
of 0.55 in. diameter can be produced without attention to 
the electrodes, than can be made with the smaller 0.40- 
in. size. 

7. It is difficult to temper welds consistently if the 
electrode tip diameter is very much large than the weld 
diameter. 

8. A clean scale-free surface is necessary for the con- 
sistent heat treatment of spot welds. 
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Instrumentation of the Spot Welder and 
Investigation of the Spot Welding of 
0.091-In.—0.091-In. 245-T Alclad Sheet 


By R. C. McMaster! and N. A. Begovich* 


Abstract 


This report presents preliminary results of a study of the spot 
welding of wire-brushed 0.091-in. 24S-T Alclad aluminum alloy 
sheet. Results are typical of those obtained for 0.080 to 0.125-in 
sheets. A description is given of a toroid-integrator system used 
to measure welder secondary current without the loss in energy 
inherent in a manganin shunt system. A technique is presented for 
producing sound welds of 2900-lb. shear strength in 0.091-in. ma 
terial. Secondary currents of the order of 80 kiloamp. were used 
to produce weld nuggets with a diameter equal to approximately 
four tumes the sheet thickness. Large tip radii (9 in. to 18 in 
were found advantageous. Weld tip force near 3000 Ib. and forge 
tip force above 6500 Ib. improved the strength consistency and 
widened the range of conditions under which sound acceptabk 
welds were produced. Single spot tension strengths were near 
800 Ib. A reasonable number of welds between tip cleanings was 
found to be from 15 to 30. Tip sticking proved to be a problem 
with the high secondary currents and welder tip forces. 


Introduction 


HIS report presents preliminary results of a study 
of the spot welding of aluminum alloy sheets in 
gages heavier than those commonly spot welded in 


industry. The purposes of this investigation are: (1) 

* Research Report, Office of Production, Research and Development of the 
War Production Board, WPB Contract 161, Report No. 1, Feb. 1, 1945 

t Dr. McMaster, formerly supervisor of aircraft welding and X-ray research 
projects at the California Institute of Technology, is now research engineer 
with Battelle Memorial Institute of Columbus, Ohio. Mr. Begovich is in 
structor in electrical engineering and electronics engineer at California In 
stitute of Technology. 


Fig. 1—Federal Welder and Westinghouse Control Used in 
This Research 


Rated 60 Kva., 7500 uf, 3000 volts d.c., 9000-lb. maximum tip 


Fig. 2—Electrode Holder with Manganin Alloy Current Shunt 


Introduction of the resistance shunt lowered 


ch as 16%, as shown in Fig. 


lo establish the welding machine properties and kilo 
volt ampere capacities required, (2) To develop tech- 
niques of welding, and (3) To determine the physical 
properties of the welds and welded joints, in these heavier 
gages. 

Included in this report is a description of the equip 
ment and instrumentation developed for this research, 
and a summary of results of tests of spot welding 0.091- 
in. 24S5-T Alclad aluminum alloy sheets. Results ob 
tained with the 0.09l-in. gage are typical of those ob 
tained through the range of thicknesses from 0.081 1n. 
to 0.125 in., for which detailed test results will be pre- 
sented in a later report. 


Experimental Work 


A. Welding Equipment and Instrumentation 


The Laboratory Spot Welder.—This research has been 
carried out on a 60-kva., 7500-yf., 3000-v., d.-c., 
type; condenser discharge, aluminum spot welder pro 
vided for this research through the courtesy of The Fed 
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Fig. 3—Welder Current Oscillograms 


Peak current was reduced from 90 kiloamp. without the shunt to 
75 kiloamp. when the shunt was introduced, although primary 
transformer voltage was unchanged. 


eral Machine and Welder Co. This machine is equipped 
with Westinghouse Electric and Manufacturing Co. Type 
CD-3 Condenser Control Discharge Panel and electronic 
forge timer. Welder and control are shown in Fig. | of 
this report. 

The welder was equipped originally with a cylinder 
capable of producing a maximum force of 5400 Ib. on the 
electrodes. Preliminary welding experience indicated 
that additional forge force was desirable in the welding 
of thicker aluminum alloy sheets. Therefore a larger 
cylinder, capable of exerting 9000 Ib. force on the elec- 
trodes, was furnished by the Federal Welder and Ma- 
chine Co. The original capacitance bank of 5520 uf. 
was also increased to 7560 yf. by the addition of capaci- 
tors supplied by the Westinghouse Electric and Manu- 
facturing Co. 

Measurement of Welding Current.—Early in the re- 
search a manganin alloy shunt of the type widely recom- 
mended in welding literature* was placed in the electrode 
holder to measure the magnitude and wave shape of the 
welding current. This shunt is shown in Fig. 2. The 
voltage drop across the shunt was applied directly to one 
element of a six-element General Electric PM-10A re- 
cording oscillograph. Analysis demonstrated, however, 
that calibrations either by direct currents or by single 
frequency alternating currents were in error, failing to 
account for the actual distribution of the pulse welding 
current. In the spot welding of thick sheets requiring 
nearly all the available energy storage capacity of the 
spot welder, the effect of the manganin shunt in reduc- 


* See list of references at the end of the report. 
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ing the secondary welding current was far more serioys 
than the error in calibration. For example, certain set. 
tings of voltage and capacitance produced oversize spot- 
weld nuggets in 0.091-in. 24S-T Alclad sheet when the 
regular electrode holders were used. The same settings 
produced only “‘stuck’’ welds, with no nuggets whatso- 
ever, when the shunt was inserted in the secondary cir. 
cuit of the spot welder. Because the shunt reduced the 
energy delivered by the spot welder, as shown in Fig. 3 
other methods of current measurement were developed, 

A test was made of the usefulness of a shunt in the pri- 
mary circuit of the welding transformer. It produced a 
voltage adequate for operation of the oscillograph ele- 
ment, but introduced an error with high energy dis. 
charges when the magnetizing current of the welding 
transformer became large. Another test showed that 
the use of a section of the copper alloy electrode holder 
as a secondary current shunt also had disadvantages, 
The low resistance per unit length of the copper alloy 
electrode holder developed voltage drops too low to 
actuate the available oscillograph elements except when 
very long paths were included between the terminals of 


Fig. 4—Toroid Pickup Assembly Which Slips Over Welder 
Electrode Holder in Secondary Current Measurement 


Cover removed in lower right-hand photograph to show choke 
coils arranged as toroid. 
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All coils are connected in series. The end connection returns 
through the center of the coils to cancel the loop inductive effect 
{the toroid. The grounded center tap is connected between the 
sixth and seventh coils, splits to encircle the welder electrode, and 

onnected to the sheath of the cable to the amplifier. 


the shunt. Spacing the ends of the pickup leads at 
widely separated points on the electrode holders intro- 
duced the possibility of inductive pickup in the measur- 
ing circuit. Calibration was difficult because the current 
distribution in the electrode holders could not be made 
the same during calibration with steady currents as dur- 
ing measurement of the transient welding currents. 

A toroid pickup coil and a simple integrating circuit were 


then designed to measure the welder secondary currents 
accurately without affecting the performance of the spot 
welder and without the necessity of changing electrode 
holders. 

The toroid pickup is shown in Fig. 4. It consists of 
small cylindrical radio frequency choke coils, commer- 
cially available at low cost, grouped in the form of a 
toroid in a bakelite case, which supports and protects 
the coils. Each coil has 3140 turns, and is approximately 
1 in. in diameter and */, in. high. Twelve coils are 
connected in series. One of the toroid connections re- 
turns through the center of the coils so that the inductive 
effect of the toroid as a loop is cancelled. (See Fig. 5.) 
The toroid may be slipped over the electrode of any spot 
welder almost instantly, without removal of electrode 
holders, and with no effect upon the performance of the 
welder. The only voltage induced in the toroid is that 
produced by current flowing through the welder elec 
trode along the axis of the toroid, i.e., current flow which 
is encircled by the toroid. 

The integrating circuit of the toroid consists of two 
resistors connected to the ends of the toroid winding, and 
two 8-uf. capacitors connected as shown in Fig. 6.7 The 
output voltage of the integrating circuit is applied to the 
toroid amplifier, whose circuit is also shown in Fig. 6. 
For this application, a current amplifier feeds the os 
cillograph elements. A reversing switch causes alternate 
polarities of welding current to produce deflections in 
the same direction on the oscillograph. 

Simultaneous measurements of welder current were 
made with the secondary current shunt and with the 
toroid unit. The results are identical, as shown in the 
oscillogram of Fig. 7. With the toroid, the scale of the 
oscillograph deflections can be adjusted as desired, with 
no reduction in welder energy delivered to the weld. 
The simplicity and advantages of the toroid led to its 
use throughout the remainder of the research. 

Measurement of Welder Tip Force W elder tip force 
magnitude and timing are measured and recorded by a 


KA full scale deflection 


Position 


1 50 

2 100 
3 150 

4 200 


Relay con- 


Position Scale deflection Ro = 109 
1 Aull across 
2 3/4 ohms 6SL7 heat- 
3 1/2 er supply 
4 1/4 {Calibrating cirouit | 


x 


| ' 

p 4 | | Ravarsing wiltch 

_Integrating circuit Calibrate >; | 
vangdd 
R ws 0.63 x 10° ohms ' 
SC = 8x 107° farads 


' 

| 
! 
1500 v, 20 maj +3500 v, 200 
| repulated | regulated 
| ower supply! power supply |! 
j 

hote: 


Switches in erid circuit of 65L7 
should be shorting types so that 
erids are not left o when 


gwitahk 
SWitcninke 


wn 


1945 


Fig. 6 (a)—Integrating and Amplifier Circuit Used with the Toroid to Measure Welder Secondary Current 
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strain gage bridge mounted in the electrode holder, in 
connection with a suitable oscillator, amplifier, demodu- 
lator, current amplifier and oscillograph. This method 
is the conventional force instrumentation presented in 
welding literature,f modified to produce a single line 
trace of the force cycle on the film. The specially wound 
noninductive strain gages were provided through the 
courtesy of Mr. Fred Bowden of the Lockheed Aircraft 
Corp. The strain gage bridge installed on the electrode 
holder is shown in Fig. 8. The associated electronic 
equipment is shown in Fig. 9, and the circuit diagram in 
Fig. 10. This method of tip force measurement has 


been found to be adequate for the purposes of this re- 
search, 


B. The Technique of Spot Welding 0.091-In.-0.091-In. 
24S-T Alclad Aluminum Alloy 


Procedure-—Exploratory welding was carried out to 
determine approximately the tip forces and energy set- 
tings required to obtain suitable spot welds in each gage 
from 0.081-in. through 0.156-in. thickness with wire- 
brushed material. During this period, tip radius and 
diameter, transformer turns ratio, capacitance, voltage, 
weld force, forge force and forge delay time were varied 
to obtain reasonable welding conditions. Radiography, 
quick sectioning and static shear tests of single spot 
coupons were used to evaluate weld quality. The ap- 
proximate optimum adjustment of each variable was 
determined with the other variables fixed at assumed 
optimum conditions. After varying the chosen variable 
throughout the range of acceptable welds and carefully 
inspecting the welds, the middle of the range of perfect 
welds was selected as the optimum adjustment for that 
particular variable. Acceptable welds were expected to 
have a diameter of 3 to 4.5 times the sheet thickness, 40 

Tt The method of calibration and the theory of operation of the toroid and 


integrator will be presented in a later report 
} See list of references at the end of the report. 
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Fig. 6 (b)—-Equipment Used with the Toroid to Measure Welder 
Secondary Current 
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Fig. 7—Oscillogram Showing Simultaneous Measurement of 
Welder Secondary Current by Current Shunt and by Toroid 


The wave shapes are identical throughout the significant region 
when the weld is being formed. 


to 75% penetration, shear strength above available 
recommendations, symmetric shape and position with 
respect to the faying plane, and to be free from defects 
such as cracking, porosity, extrusion or expulsion of the 
nugget. 

When the approximate optimum settings and range 
of the variables had been determined by the exploratory 
welding, the following tests were carried out in sequence: 

1. The optimum peak secondary welding current re 
quired to produce the desired nugget diameter was es 
tablished by making a series of spot welds with one or 
two reasonable current wave shapes, by varying the 
condenser voltage to cover the range from “‘stuck’”’ welds 
to oversize welds with severe spitting. Other welding 
conditions were fixed at the assumed optimum values 
Oscillograms were made at each setting. Radiographs 
were made of the welds, and the weld properties were 
noted. The welds were either sectioned or pulled in 
static shear or in static tension. Penetration and 
strength were recorded. Curves relating nugget diameter 
and static strengths to maximum secondary welding 
current were plotted. 

2. The optimum wave shape of welder secondary cur 
rent was determined by varying the welder transformer 
turns ratio and capacitance through the reasonable 
range, and by comparing resultant weld properties with 
oscillograms of the welder current. The smallest turns 
ratio permitting spot welds to be made without expulsion 
throughout a wide range of energies was selected as 
optimum, since the selected peak current could be ob- 
tained with less stored energy with the steeper wave 
fronts corresponding to smaller turns ratios. 

3. The optimum tp force during welding was deter- 
mined by varying the weld force through a reasonable 
range with previously selected optimum peak current 
and current wave shape. Oscillographic measurements 
of weld force were compared with spot-weld sections to 
determine the force required to obtain approximately 
50% nugget penetration at the desired nugget diameter 
A series of welds was made with varying energies at 
several weld forces to determine the range of energies 
in which welds could be made without expulsion, porosity 
or cracking. The weld force which gave optimum 
strength consistency and permitted the widest range oi 
weld sizes without these defects was selected as optimum 

4. The optimum tp force during forging and tie 
optimum forge force delay time were determined by mak 
ing a series of welds of five sizes with each of four forge 
pressures in the reasonable range. The forge force time 
delay was varied through the available range for eact 
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Fig. 8—Strain Gage Bridge Assembly Mounted on Electrode Holder 


combination of weld size and forge force. Weld nugget 
size and the presence of cracking, porosity and other de- 
fects were plotted against forge force time delay. The 
region of crack-free welds of acceptable size was deter- 
mined from these graphs. The optimum forge force 
time delay was selected as the mid-point of the accept- 
able weld range at the given forge force. The forge force 
which gave the widest range of acceptable welds without 
causing excessive sheet indentation or other defects was 
selected as optimum. 

5. The validity of the optimum machine settings was 
then checked by strength consist- 
ency runs of 25 or more consecu- 


by adjusting the piston with the 
minimum possible clearance from the 
bottom of the cylinder for each gage 
welded and by reducing the amount 
of air stored in the pipes connected 
to the bottom chamber of the 
cylinder. 

This preliminary investigation re- 
vealed also that, with the thicker 
gages, the maximum available forge 
force of 5400 Ib. was inadequate to 
produce sound spot welds when high 
welding energies were used. To 
obtain crack-free spot welds, tests 
were made at lower energy settings 
and with electrodes of various tip 
radu. The lower energy settings 
produced spot welds which were 
sound and perfect, but of diameter too small for the 
sheet thickness. Tips with 4-in. radius applied suf- 
ficient pressure at 5000-lb. forge force to produce sound 
welds of small and medium diameter, but expulsion 
(“spit’’), porosity and cracking resulted when the energy 
was increased sufficiently to produce weld nuggets with 
diameters three times the sheet thickness. These de- 


fects probably occurred with the larger weld nuggets 
because the area of contact of the 4-in. radius tip with 
the sheet surface was very little larger than the weld 
This permitted expulsion because no ‘“‘hold- 


nugget. 


tive welds made under identical 
conditions. These specimens were 
subjected to radiography and to 
static shear pull tests or static 
tension tests. The coefficient of 
variation of nugget diameter 
and of shear strength was de- 
termined. If defects were re- 
vealed by radiography, the type 
and degree were noted. 

6. The tension strength and 
the ratio of tension to shear 
strengths of the spot weld were 
checked by pulling a series of 
specimens in tension with the 
fixture shown in Fig. 11. 

Test Data and Discussion of 
Results: (a) Results of Explora- 
tory Welding.—Preliminary in- 
vestigation of the technique of 
spot welding Alclad 24S-T alumi- 
num alloy in thicknesses from 
0.081 in. through 0.156 in. was 
carried out on the original form 
of welder and control* before 
the instrumentation of the spot 
welder was complete. When in- 
strumentation was completed, 
the oscillograms revealed that the 
welder forge force was rising much 
too slowly and that, to obtain 
sound welds, the forge force time 
delay had been shortened ex- 
cessively in compensation. Asa 
result, the welds, being formed 
during the period of rising force, 
were inconsistent. The oscillo- 
gram of Fig. 12 illustrates this 
condition. Correction was made 


* Maximum tip force of 5400 lb., maximum 
Capacitance 5520 yf. 


Fig. 9—Electronic Equipment Used with the Strain Gage Bridge 
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Fig. 10—Circuit Diagram of Strain Gage Bridge, Balancing Network, Amplifier and Demodulator 


The tip force is represented by a single line trace on the oscillogram. 


down” ring of pressure existed around the periphery of 
the weld nugget. 

With tips of 9-in., 12-in. and 18-in. radius, it was 
found possible to obtain larger spot-weld nuggets through 
the use of higher energies, without expulsion during 
welding. The sheet separation decreased rapidly as 
electrode radius was increased in this range. ‘Tip force 
during welding had to be increased with the larger radius 
tips to obtain optimum performance. The range of 


(a) Cross strip tension coupon 


(b) Fixture for pulling spotweid in static tension 


conditions under which full-size spot welds could be 
obtained was greatly widened with the larger radius tips 
and increased weld force. To make possible the pro- 
duction of sound welds of adequate size, the cylinder oi 
the welder was replaced with a larger unit capable of 
exerting 9000 Ib. tip force. The head and lower arm o/ 
the welder were yoked together to prevent excessive de 
flection and tip skid under these loads. Holders for 1-in 
diameter tips were provided. An auxiliary air com 


(c) Fixture in place in testing 
machine 


Fig. 11—-Fixture for Pulling Spot Welds in Tension 
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OSCILLOGRAM NO. 32 MACHINE CONSTANTS 
5000 MFDS. 2200 VOLTS 
PRESSURE AT CURRENT MAX. TURN RATIO 525-1 
WELD PRESSURE / 2655 PSI. FORGES TIME DELAY 50-LOW 

EC. KILO-AMPS 44.99 

TIME TO CURRENT MAX. 23,92 MILLISECS. 

TIME TO 10% of CURRENT MAX. 103.4 

MILLISECS. 


MAX, FORGE PRESSURE 
5075 PSI. 


/ PRI. AMPS. 104.0 


Fig. 12—Oscillogram Showing the Slow Rate of Rise of Forge Force Under the Preliminary Welding Condi- 
tions 


en this condition was revealed by instrumentation, cor 
ration was obtained. 


pressor was installed to provide adequate air pressure at to time from zero to peak current, is directly propor- 
all times. The remainder of this report summarizes the tional to the peak current in this case. 
results of tests made under these conditions in 0.091-in. The effect upon welder current of increasing the capaci- 
24S-T Alclad aluminum alloy sheets. These results are tance, while maintaining other conditions fixed as listed 
typical of the thickness range from 0.081 in. to 0.125 in. above, is shown in Fig. 14. Both peak current and the 
The approximate optimum welder settings for 0.091- time from zero to peak current changed in such a way as 
248-T Alclad aluminum alloy wire-brushed sheets to keep the average rate of current rise approximately 
were found in the exploratory welding to be: constant. Both tended to increase the duration of the 
wave. Here, again, the rate of current rise was not a 
significant variable. 
Increasing the welder turns ratio lengthened the cur- 


Tip radius = 9 in. or larger 

Tip diameter = °/s in. or larger. 

Tip force during welding = 3000 Ib. (not critical). 

Tip force during forging = above 6000 Ib. 

Maximum average rate of current rise without exces- 
sive expulsion = 3.5 kiloamp./millisec. 


2 


For 28-42 current wave shape: 

Turns ratio = 400:1. 

Capacitance = 4080 uf. 

Voltage = 2200-2700 v., variable depending upon the 
nugget diameter desired. 

Peak secondary current = 80,000 to 85,000 amp., 
variable depending upon the nugget diameter de- 
sired. 

Time delay from start of current rise until start of 
forge force rise = 78 millisec. 

fi. 20 40 60 £0 100 


4 


For 38-70 current wave shape: 


Fig. 13 (a)—Variation of Peak Secondary Current with Increas- 
Turns ratio = 525:1. ing Condenser Voltage. 4080 uf. 400:1 Turns Ratio 
Capacitance = 5520 uf. 

Voltage = 2200-2700 v., variable depending upon the 
nugget diameter desired. 

Peak secondary current = 65,000 to 75,000 amp., 
variable, depending upon the nugget diameter de- 
sired. 

Time delay from start of current rise until start of 
forge force rise = 134 millisec. 

Effect of Welding Variables Upon Secondary Cur- 
rent.—The effect upon welder current of varying the 
condenser voltage, with all other conditions fixed at the 
values listed above, was found to be a variation in the 
value of the peak secondary current. No significant 
change occurred in the current wave shape or the time THAR RAAAAE 
from start of current rise until peak current was ob a ee ae ee 
tained. Figure 13, traced from oscillograms of secondary Fig. 13 (b)—Variation of Peak Secondary Current with Increas- 
current at successively higher voltage settings, is typical ing Condenser Voltage. 5520 uf. 525:1 Turns Ratio 
of this condition. The average rate of rise of secondary 38-70 Current wave is longer than the 28-42 wave of Fia 
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current, defined as the ratio of peak secondary current but again does not change significantly with voltage. 
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Fig. 14 (a)—Variation of Peak Secondary Current and Wave 
Shape with Increasing Capacitance. 400:1 Turns Ratio. 
V 


Wave lengthens and peak rises with increase in capacitance 
Average rate of current rise changes very slowly. 


525:1 turns ratio 


Licrofurads Peak kiloamveres 
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Secondary current in kiloamperes 
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Fig. 14 (b)—Variation of Peak Secondary Current and Wave 
Shape with Increasing —— 525:1 Turns Ratio. 
22 


Higher turns ratio produces longer current wave than lower 
turns ratio above. Peak current and average rate of rise of current 
change very little. 


rent wave and rapidly decreased the average rate of 
current rise, as shown in Fig. 15. Additional stored 
energy was required to maintain the same magnitude of 
peak current with the longer current waves. The time 
from zero to peak current increased with increasing turns 
ratio. At any fixed capacitance and given turns ratio 
wave shape did not vary with voltage, as shown in Fig. 
14 (b). The rate of current rise was significantly re- 
lated to the transformer turns ratio, but did not give new 
information in the case of changes in voltage or capaci- 
tance at a fixed turns ratio. 

The significant variables in the secondary welding cur- 
rent are illustrated in Fig. 16 and defined in this report 
as: 


The peak current, /,, in kiloasmperes. 
2. The time interval, 7}, from start of current rise 
until peak current is obtained, in milliseconds. 
3. The time interval, 7, from the instant of peak 
current until the instant at which the current 
has decayed to half of its peak value, also meas- 
ured in milliseconds. 


The wave shape is designated, in so far as its effects 
upon spot welding are concerned, by the values of 7; 
and 7. The portion of the current* wave occurring 
after the end of the interval 7, contributes no apparent 
effect upon the spot weld, which is ordinarily completely 
formed by the end of 7». The current wave will be de 
scribed in the remainder of this report as ‘‘a 7)-7» wave 
of J, kiloamp. peak amplitude,’ where the appropriate 
numerical values are substituted for 7), 7: and /,. 
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Figure 17 presents the values of 7; and 7, obtained wit} 
the turns ratio and capacitance settings available on th. 
laboratory spot welder. Figure 18 shows the relatio, 
between J, and the voltage settings of the welder fo; 
typical wave shapes found useful in welding 0.09] 
aluminum alloy. For any wave shape, the average rate 
of current rise is obtained directly from the ratio of J, t 
7}. 

The data presented in Figs. 14 through 18 were all ob 
tained with two-layer single-weld coupons of wire 
brushed 0.091-in, 24S-T Alclad aluminum alloy. The ti 
force during welding was 3000 Ib. . 

The secondary current would be slightly decreased 
under the given conditions by any of the following 
changes: 


40 Turns ratio Peak kiloamosres Wave shape 
70.5 12 14.5 
58.5 19 =21,5 
54.8 23 
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| 40— 48 29 =34 
3 44.5 35 “42,5 
>, | 30 — 
3 
| 20 
5 
4) 
Time in milliseconas 
20 40 6 80 100 


Fig. 15 (a)—Variation of Peak Secondary Current and Wave 
Shape with Increasing Transformer Turns Ratio. 2040 uf. 
2000 V. 


Wave lengthens and peak current is lowered with increase ir 
turns ratio. 
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Fig. 15 (b)—-Variation of Peak Secondary Current and Wave 
Shape with Increasing Transformer Turns Ratio. 3960 ul. 
2000 V. 
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Shape with Increasing Transformer Turns Ratio. 6000 ul. 
2000 V 
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Fig. 16—Illustration of the Significant Variables in the Welder 
Secondary Current Wave 


he wave is described by /,, the peak current in kiloamperes, /;, 
me in milliseconds from zero to peak current, and Ts, the time 
liseconds from peak current to half amplitude. The average 

ate of current rise is |,/T,. 


Increasing the thickness, the number of layers or 
the specific resistivity of the material being 
welded. 

Increasing the surface resistance of the material 
being welded, as by substituting chemical 
cleaning in place of wire brushing, or permit- 
ting oxide to form before welding.f 

Increasing the resistance of the tips or tip hold- 
ers, as by lengthening them for offset welding, 
introducing current shunts into the tip holders, 
or changing to higher resistivity electrode ma- 
terial. 

Decreasing the tip force during welding, which 
effectively increases the initial interface re- 
sistance. 


With the large values of capacitance used under some 
f the conditions listed, the welder circuit passed the 
point of critical damping, and the current became non- 
scillatory. The primary voltage of the transformer did 
not reverse to a value sufficient to fire the shunt ignitron 
tube of the primary welder circuit. This condition did 
not critically affect the operation of the welder or the 
quality of the resultant spot welds. However, it did 


t This report includes only results of tests on wire-brushed material. This 
method of preparation was found to be simplest and most consistent for labora- 
tory tests of welder performance A few tests conducted with chemically 
leaned material indicated that some change in optimum welding conditions 
would be required because of the higher sheet surface resistance. 
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Fig. 17 (a)—Relation of 7, (Time in Milliseconds from Zero to 


Peak Secondary Current) to Welder Capacitance and Trans- 
former Turns Ratio Settings 
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Fig. 17 (b)—Relation of T, (Time in Milliseconds from Peak 
Current to Half Amplitude Current) to Welder Capacitance 
and Transformer Turns Ratio 


cause a change in the shape of the tail of the current 
wave. 

c) effect of Welding Variables Upon Weld Nugget ' 
Size and Shape.—The weld nugget size and shape were 
found to depend upon the following variables: peak 
secondary current and current wave shape (determined 
by voltage, capacitance, and turns ratio settings of the 
welder), tip force during welding, tip radius and sheet 
suriace preparation, 

The effect of increasing the peak current is illustrated 
for each of two typical wave shapes in Fig. 19. The 
corresponding radiographs, cross-section macrographs 
and oscillograms are shown for typical welds. It is to be 
noted that in all the oscillograms the tip force has a slight 
peak after the initiation of the welding current. This 
was produced by inductive pickup in the strain gage 
bridge and connecting leads by the secondary welding 
loop. The slight dip in the weld force during the flow of 
welding current was produced by repulsion between the 
lower stationary weld arm and the upper movable weld 
arm. The range of currents extends from those low cur 
rents which fail to form a nugget to currents so large 
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Fig. 18—Relation Between Peak Secondary Current J, and 
Voltage Settings of the Welder, for Typical Current Wave 
Shapes 
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Fig. 19 (a)—Summary of Effects of Variations in the Magnitude 
of the Peak Welding Current: 28-42 Wave Shape 


The following conditions and welder settings were held constant 
during this run. These apply also to Figs. 19 (b), 19 (c), 19 (d) 
19 (e) and 19 (f). 

Material: 24S-T Alclad. Gage: 0.09] in.-0.091 in. Preparation: 
wire-brushed. Turns ratio: 400:1. 4080 uf. Weld 


Capacitance: 


force: 3000 lb. Forge force: 7500 lb. Forge delay: 72 msec. 
Tip radius: 18 in. 

. Variable data: Volts, 1800; I, 59; I,/T,, 2.1; Weld force, 3000; 
Forge force, 7200; Forge force delay, 77; Shear strength, 1337 lb.; 


Tension strength, 142 lb. 


that oversize nuggets with excessive penetration are 
formed. With a 28-42 current wave, a peak current of 
66 kiloamp. is required to break the Alclad layer at the 
interface, 81 kiloamp. to produce a nugget with a diam- 
eter equal to four times the sheet thickness. Currents 
above 85 kiloamp. produce oversize weld nuggets with 
excessive penetration. However, with the longer 38-70 
wave, larger nuggets are formed at any given value of 
peak kiloamperes because of the longer duration of the 
high current value. The Alclad layer at the interface is 
broken with only 59-kiloamp. peak current, nuggets with 
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diameters four times the sheet thickness are formed by 
only 72 kiloamp. and oversize welds are produced by cur. 
rents larger than 78 kiloamp. The nugget diameter jg 
plotted against peak kiloamperes for each of these ty; 
wave shapes in Fig. 20. The nugget penetration is plot. 
ted against peak kiloamperes in Fig. 21. It can be seen 
from the radiographs of Fig. 19 that the spot welds are 
sound and free from defects throughout the entire range 
of nugget sizes from 2.8 to 4.9 times the sheet thickness 
under these conditions of welding. 

The effect of variation in the tip force during welding 
is illustrated by the corresponding radiographs, sec. 
tion macrographs and oscillograms of Fig. 22. The re. 
lation of nugget diameter to tip force during welding is 
shown for each of two current wave shapes in Fig. 23 
The relation of nugget penetration to tip force during 
welding is shown in Fig. 24. From these curves it is 
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Fig. 19 (b)—Summary of Effects of Variations in the Magnitude 
of the Peak Welding Current: 28-42 Wave Shape 


See also Figs. 19 (a), 19 (c), 19 (d), 19 (e) and 19 (f). 

Variable data: Volts, 2000; /,, 66; 
Forge force, 7250; Forge force delay, 74; Shear strength, 204 
Tension strength, 171 lb. 


|,/T;, 2.4; Weld force, 2900 
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Fig. 19 (/)--Summary of Effects of Variations in the Magnitude 
of the Peak Welding Current: 38-70 Wave Shape 


See also Figs. 19 (g), 19 (h), 19 (1), 19 (jf) and 19 (k). 


Variable data: Volts, 2800; /,, 82.5; /,/T:, 2.04; Weld force, 
3000; Forge force, 7150; Forge force delay, 131; Shear strength 


evident that variations in the range from 2200 to 3400 
Ib. tip force during welding change weld nugget diameter 
almost negligibly. Nugget penetration decreases slowly 
as the tip force during welding is increased in this range, 
but remains within the acceptable limits of 70 to 45%. 
With higher energy welds, however, it was found that 
expulsion tended to occur more frequently with the 
lower tip forces, while higher tip forces eliminated the 
expulsion and widened the range of variation in other 
welding variables which could be tolerated without pro 
ducing defective spot welds. A welding tip force of 3000 
lb. was found to be reasonably optimum under the listed 
welding conditions. 

Tip radii smaller than 4 in. were found to be unsuitable 
for the welding of 0.091-in. 24S-T Alclad aluminum al- 
loy. With these small tip radii it was impossible to ob- 
tain nuggets with diameters as large as three times the 
sheet thickness without severe expulsion. With 4-in. 
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Relation of Nugget Diameter to Peak Welding Current. 
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Expulsion consistently present with 4-in. radius tips is eliminated by tip radius above 9 in. 


4-In. tip radius 
Fig. 25 (a)—Effect of Changing Tip Radius from 4 In. to 18 In. with Other Welding Conditions Fixed, Shown 
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Fig. 25 (b)—-Effect of Changing Tip Radius from 4 In. to 18 In. with Other Welding 
Conditions Fixed, Shown by Radiographs 


Expulsion consistently present with 4 in. rad 


iminated by tip radiu 


radius tips, expulsion occurred consistently when nugget 


times the sheet thickness. The 

graphs and section macrographs of | 
show these results with typical 
made with all welding conditions 
except tip radius. 

The effect upon nugget diamet 
changes in tip radius was negligibk 
tips of 6 in. and larger radius, whik 
radius tips definitely reduced the nu 
diameter because of expulsion. (Se 
26.) 


Nugget penetration varied w 


+ 10°, of a typical value of 65°;, as t; 


radius was varied from 4 to IS in 
shown in Fig. 27. 

(d) Effect of Welding Variables 
the Static Shear and Tension Strengi! 
the Spot Welds.—The loads required 
static shear and tension failure oj 
spot welds were found to depend upoi 
following variables: peak secondary 
rent and wave shape, tip force dur 
welding, tip radius and sheet su 
preparation. 

The effect upon static shear and te: 
strengths of the welds produced by 
creasing the peak secondary curreti' 


illustrated in Fig. 28, for each of tw 


typical current wave shapes. With a 2 
12 current wave, the static shear str 
of a “‘stuck’’ weld made with 58.5-k: 
amp. peak current was 1300 Ib., that : 


normal weld made with 79 kiloamp. was 2900 Ib., w! 
an oversize weld made with 91.5 kiloamp. failed 
With a longer 38-70 wave, static shear stre: 
increased from 1430 Ib. in a weld, with Alclad bo 


diameter was increased to 3.5 or four times the sheet 
With 6-in. tip radii, expulsion occurred in 
about 25% of the welds of diameter equal to four times 
With radii from 9 to 18 in., no ex- 


pulsions occurred with nuggets of diameter equal to four 


the sheet thickness. 
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4 ine 
Fig.’ 27—Effect of Tip Radius on Nugget Penetration 
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only, made with 52.5-kiloamp. peak current, to 2900 Ib. 
with a normal weld made at 70 kiloamp., and to 3750 Ib. 
with 82.5 peak kiloamp.t 

The tension strength was near 800 Ib. for welds with 
nuggets. The static shear strength increased steadily 
with increasing current, whereas tension strength re- 
mained almost constant for all current values producing 
spot-weld nuggets. 

Changing the tip force during welding had little effect 
upon static shear and tension strengths, as shown in Fig. 
30. The static shear strength varied less than +7% 
as tip force was increased from 2000 to 3600 Ib., decreas- 
ing slightly as tip force increased from 2600 to 3600 Ib. 
Expulsion was eliminated with tip forces above 2600 Ib. 
The strength was found to be more consistent at 3000-Ib, 


t Figure 29, has been omitted. 
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tip force than at any other setting. The static tension 
strength varied negligibly with changes in tip force 
during welding. 

Variations in tip force during forging, and variations 
in the acceptable range of forge force delay time pro- 
duced no significant changes in static strength. 

The effect of tip radius upon static shear strength is 
shown in Fig. 31. Since nugget diameter did not chang 
appreciably with changes in tip radius, as shown in Fig 
26, the changes in static strength may be correlated with 
nugget penetration or other factors. 

(e) Effect of Welding Variables Upon Nugget Extru- 
ston, Expulsion, Cracking, Porosity and Sheet Indentation 
—Nugget extrusion and the resultant excessive sheet 
separation of 0.012 in. were present with tip radii of 4 in 
and smaller, particularly with higher energy welds. No 
combination of tip forces was found which would lessen 
the nugget extrusion and sheet separation with the smal- 
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ler tip radii. As tip radius was increased, sheet separa- 
tion decreased steadily to a value of 0.003 or 0.004 in. 
t radii of 15 to 18 in., as shown in Fig. 32. Nugget ex- 
trusion disappeared with tip radii of 9 in. and larger. 
Nugget expulsion occurred regularly with normal diam- 
eter nuggets when 4-in. radius tips were used, regardless 
of tip force during welding, because of the inadequate 
diameter of the hold-down ring of pressure. Expulsion 
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occurred less frequently with 6-in. radius tips, and was 
entirely eliminated by the use of adequate force with tips 
of 9 in. and larger radius. Figure 25 illustrates this con- 
dition with radiographs of welds made under conditions 
identical except for the changes in tip radius. Porosity 
often accompanied expulsion. With the 18-in. radius 
tips, nuggets as large as four times the sheet thickness 
could be made with any weld force from 2600 to 3400 Ib 
without expulsion or porosity. 

Nugget cracking was determined radiographically and 
was found to depend upon nugget size, forge force and 
forge force time delay. With adequate forge force and 
proper time delay, the cracking could be eliminated from 
any size of weld nugget. To determine the range of 
welding conditions producing crack-free welds, five sizes 
of nuggets were made at each of several forge forces with 
varying forge force time delays. The results of these 
runs are shown in Figs. 33 and 34 

The lower limit of acceptable forge force delay time 
was selected as that delay time below which the nugget 
diameter was reduced or cracking occurred. From Figs. 
35 and 34 it is seen that the lower limit of acceptable 
forge force delay time was about 50 miullisec. with the 
28-42 current wave, and about 70 millisec. with the 38 
70 current wave. 

The upper limit of acceptable forge force delay time 


Varying Forge Time Delay. 38-70 Wave. 7000-Lb. Forge was selected as that delay time above which cracking and 
Force porosity occurred in the weld nugget. The range of ac- 
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the advantages of 3000-Ib. tip force 


| | | during welding. The spread of points 
g 4500 | | | decreased rapidly as 3000 lb. weld 
3 force was approached. 
= 4000 Be ie The effect of changes in tip force 
| | | during welding upon the strength con- 
sistency of spot welds loaded in ten- 
28-42 wave Ze minimum spread occurs at 3000 Ib 
. “i _| | | a2) kilo |_| tip force, as in the case of the shear 
| 400}1 turns ratho | coupons. 
demonstrated clearly that tip radii 
| | | 7 
1000 be below 6 in. produced very poor spot- 
4 | | 2 torbe | dala; weld strength consistency which re- 
500 radin sulted in a spread much larger than 
that obtained for the 18-in. tips shown 
0 in Fig. 37. With larger tip radii be- 
1 5 10 15 20 tween 9 and 18 in., the results of 
Fig. 38 (a) Tvp cal Section o Strength Consistency Run with 28-42 Wave changes in tip force were minimized. 


eptable time delays widened as the forge force was in- 
reased. With the 38-70 current wave, for example, it 
was impossible to make crack-free welds of 0.40 in. 
liameter at any forge delay setting with forge forces of 
000 Ib. or less. With 700 Ib. forge force, crack-free 
velds were produced occasionally in the range from 145 
10 155 millisee. With 7500 Ib. forge force, the crack-free 
range became 105 to 170 millisec. With 8000 Ib. forge 
ree the crack-free range became 65 to 170 millisec. 
Higher forge forces, therefore, permit wider latitude in 
rge delay timing. 

Sheet indentation was excessive with tip radii of 4 in. 
r less, but became insignificant with tip radii above 9 
n., as is evident in the section macrographs of Fig. 25. 
Vith the larger tip radi, forge forces as large as SOOO Ib. 
id not appreciably increase the sheet indentation. 

f) Effect of Welding Variables Upon Strength Con 
ilency.— Extensive strength runs could 
it be carried out under all acceptable welding condt- 
ions, because of the large number of variables and the 
vide range of conditions under which acceptable spot 
velds could be made. Both shear and tension coupons 
r consistency tests were made, however, at each of the 
iseful voltage settings for two typical wave shapes, and 
teach weld pressure throughout the 


consistency 


This is one of the advantages of using 
larger radius tips. 

Increasing the magnitude of forge force effectively in 
creased the weld strength because of the larger size crack- 
free nuggets that could be produced. The time of ap 
plication of forge force was found to affect the weld 
strength if it was applied too soon or too late after the 
welding current. (See Fig. 33.) The length of time 
during which the forge force remained applied was not 
found to be related to the weld strength. 

Final shear strength consistency runs under optimum 
conditions with the 28-42 current wave (400:1 turns 
ratio, 4080 uf, 2500 v., 3000-7500 Ib. tip forces, 72 milli 
sec. forge delay, 18-in. radius tips) resulted in a coef- 
ficient of variation of 2.97 See Fig. 38.) Final shear 
strength consistency runs under optimum conditions 
with the 38-70 current wave (525:1 turns ratio, 5520 uf. 
2200 v., 5000-5400 Ib. tip forces, 126 millisec. forge delay, 
\S-in. radius tips) resulted in coefficients of variation of 


from 3.7 to 4.2) in groups of 25 spot welds each. These 
results indicate the advantage of the sharper 2S—42 wave, 


which requires less stored energy than the 38-70 cur 


rent wave for the same maximum current or weld 
diameter. 
g) I: fe t of Wel ling Vartables Upon 71 Life 


Conservative practice was followed throughout 


inge of useful tip forces during 

velding 5000 ‘on — 
The effect of peak current varia- 4 

tious upon the strength consistency of 4500 

pot welds loaded in shear is shown in | 

ig So. With the 28-42 wave, the — | 

ptimum peak current values he in 

the range from 72 to S6 kiloamp., | 


vith the minimum spread in strengths 
it 79 kiloamp. The coefficient of 
vanation at this current was only 
">. With the 38-70 wave, the opti- 
tum peak current values le in the 


Load for static shear failure in pounds 


38-70 wave 


2000 + — 
range from 64 to 76 kiloamp., with a 
coefficient of variation of 1500 +— 
at 76.5 kiloamp. weld forse 
rhe effect of changes in tip force 1000 £400-orrs forse 
luring welding upon the strength con 26 forge force dalay 
‘istency of spot welds loaded in shear 500 } tip rading 
‘shown in Fig. 36. Although only Humber of| wold 
three welds were used to establish 0 + 
ch point on this curve, extensive wae 100 116 
Preliminary welding had indicated Fig. 38 (b)—Typical Section of Strength Consistency Run with 38-70 Wave 
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with respect to tip cleaning and re- 
shaping. Tips* were recleaned as 
quickly as there was any evidence 
that excessive sticking or alloying was 
about to occur. An Aloxite 320 grit 
metal finishing cloth on a rubber 
pad was rotated by hand between the 
tips, as is usual in industry. When 
necessary, the tip faces were re- 
machined to radius. Atno time were 
the tips permitted to get into such 
condition as to produce weld defects. 

With the 38-70 current wave and 
the optimum welding procedure listed, 
but with only 5400 Ib. forge force, 
more than 12 successive welds could 
be made between tip cleanings with 
peak secondary currents in the range 


* Electrode holders 


and tips used were made 
of Mallory Elkaloy ‘‘A.” 
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Fig. 39—-Summary of Tip Life Studies. 


Section Macrographs 


and Radiographs of Typical Welds (2 x) 


50 


from 52 to 70 kiloamp., whi, 
at higher currents the numbe, 
of welds between tip cleay 
ings began to decrease. Stick. 
ing often occurred after foy 
welds. On strength congj 
tency runs with 64 kiloam; 
from 4 to 8 welds were ob. 
tained between tip cleaning 

with first evidences of stick 

ing occurring between th 
fourth and seventh welds afte; 
tip cleaning. 

With the 28-42 current way 
and the optimum welding pr 
cedure suggested, more than |) 
successive welds could be mac 
between tip cleanings wit! 
peak secondary currents of an) 
value from 59 to 92 kiloamp. 
although tip sticking usually 
started on the seventh weld 
after tip cleaning. From 7 t 
14 welds were made betwee: 
tip cleanings on strength con 
sistency runs although mor 
welds could have been made 
between cleanings, without 
defects. A tip life study was 
made under optimum welding 
conditions with the 28-4) 
wave. The tips had previously 
been used on more than (i) 
welds, with regular re-cleaning 
The results are summarized 1: 
the successive radiographs an 
section macrographs of Fig. :! 
and in the curves of Fig. 40 
Nugget diameters were from 
3.8 to 3.9 times the sheet 
thickness, and changed very 
little during the run. Nugget 
penetration increased slowly 
from 47% with the initial welds 
to 55% on the 20th weld 
reaching a peak of 63°07 on the 
10th weld. 


460:1 turns ratio ~<_| 61 tip A 
Nygeet diameter 
50 4% 
be 
» § 
5000 weld force ) 
30 15 
forge force 5 
¢ forge force 
3 10 uelay 20 
‘ 18 in. tip radius 3 
1 5 10 35 40 45 50 


Fig. 40—-Summary of Tip Life Studies. Variations in Nugget Diameter, Penetration 
and Displacement from the Faying Plane as a Function of Number of Welds Alter 


Tip Cleaning 


WELDING RESEARCH SUPPLEMENT 


OCTOBER 


The lo 
weld of 1 
had to t 
nugget 
toward t 
ig SHOW! 
the alum 
excessive 
and altl 
welds Wi 

From 
30 welds 
tions be 
problem 
the 

(h) J 
Figure 4 
nugget 
lloy sh 
nugget 
Welds s 
by othe 
in this r 

1 single 

(1) J 
ind We 
betwee! 
under 1¢ 
ing fron 
strengt] 
probabl 
greater 
get dia 
creased 
surface 


Spe it 
alloy s! 
ceptab! 
from d 

Tip 

Tip 

Tip 

Curt 


1945 


no. } Weld ac. § Neld no. 10 
‘nay Weld no. 20 Weld nos 25 
; 
Wel Weld nose 36 40 
act 
Waid 45 Weld no. 49 Weid 50 
‘4 


Sament 


4. 


amd dis; 


penetration 


sent 


The lower tip began to stick to the weld on the 13th 
weld of the series, while after the 17th weld, test strips 
had to be pried off the tip with a screw driver. The 
nugget was gradually displaced from the faying plane 
toward this tip as a result of heating at the tip contact, 
ss shown in Figs. 39 and 40. Alloying of the tip with 
the aluminum sheet began on the 37th weld and became 
excessive on the 48th weld. The tips were then cleaned, 
and although they remained slightly pitted, excellent 
welds with 50% penetration were again obtained. 

From this and similar runs, it appears that as many as 
30 welds might be made under optimum welding condi- 
tions between tip cleanings. Tip sticking is a serious 
problem with the large currents and tip forces used with 
the heavier gages of aluminum alloy. 

(h) Effect of Spot Spacing Upon Weld Diameter. 
Figure 41 shows the influence of spot spacing upon weld 
nugget diameter in 0.091-in. 24S-T Alclad aluminum 
illoy sheet. Shunting by adjacent welds reduces the 
nugget diameter for all spacings smaller than 1'/, in. 
Welds spaced more than 1'/, in. apart are not affected 
by other welds. All specimens used in the tests covered 
in this report were single spot coupons or were welded in 
i single line with spacing of 1'/, in. 

(t) Influence of Time Delay Between Wire Brushing 
ind Welding. Figure 42 shows the effect of time delay 
between wire brushing and welding. Welds were made 
under identical welding conditions with time delays vary- 
ing from 30 sec. to 5 hr. after wire brushing. Static shear 
strength decreased slowly as the time delay increased, 
probably a result of decreased corona bonding with the 
greater oxidation of the surface of the aluminum. Nug- 
get diameter increased slowly as the time delay in- 
creased. This was probably a result of increased sheet 
surface resistance with more extensive oxidation. 


Conclusions 


Spot welds in wire-brushed 24S-T Alclad aluminum 
alloy sheets of 0.091-in. thickness can be made with ac- 
ceptable strength and strength consistency and free 
irom defects under the following welding conditions: 

Tip radius: 9 in. or larger. 

Tip diameter: °/, in. or larger. 

Tip foree during welding: 3000 Ib. 


cleanings is definitely limited. 
would allow 15 to 30 welds of normal strength between 
tip cleanings in 0.091-in. wire-brushed 245-T Alclad 
aluminum alloy, assuming the tips to be cleaned oifen 
enough so that no undesirable weld properties occurred. 


Peak current magnitude: 80 kiloamp. 
Tip force during forging: 6500 to 8000 lb. 
Forge force delay time: 72 millisec. 


The properties of welds made under the listed condi- 


tions will be approximately: 


Static shear strength: 2900 Ib. 

Static tension strength (2 in. wide crossed strip speci- 
mens): 800 Ib. 

Nugget diameter: 0.35 in. (approximately four times 
the sheet thickness). 

Nugget penetration: approximately 45 to 65%. 

Defects: none. 

Welds between tip cleanings: 15 to 30. 

Coefficient of variation of static shear strength: 3%. 


The effect of increasing the peak welding current is to 


increase the nugget diameter and penetration, to increase 
the static shear strength, but not appreciably to increase 
the tension strength in the range in which spot weld nug- 
gets are formed. 


The effect of increasing the tip force during welding is 


to reduce penetration slowly and to widen the range of 
rariation in other welding conditions which can be toler- 
ated without the production of defective welds. 
mum strength consistency was obtained at 3000 Ib. weld 
force, when 18-in. radius tips were used. 


( )pti- 


Increasing tip radii from below 4 in. to above 6 in 


greatly reduces the tendency toward expulsion at the 
faying plane. Consistently good welds are obtained with 
tip radii of 9 in. or larger. 
erties is caused by variations in tip radius from 9 in. to 
18 in. 


Little difference in weld prop- 


Increasing the tip force during forging of the weld from 


5000 toward 8000 Ib. widens the range in forge force time 
delay and other welding variables which may be toler- 
ated without the production of cracked or porous welds. 


With heavy gages, the number of welds between tip 
A conservative estimate 


The ratio of tension to shear strength in welds pre- 


pared by wire brushing is low because excellent corona 
bonding adds appreciably to weld strength in shear, but 
does not contribute to tension strength. 


With chemical 


Current wave shape: 2842. cleaning, the shear strength for the same nugget diameter 
50 | 
| 
c | 
| | 
| 
| | | 
| | | | 

| | 
| | 
} 48-70 wavy 
64 kiloamp | 
5520 aft | | 
| 
3000 weid force | 
| rorge force 
> | 18 ine |tip radius | 
a Meld Spas} ne in inahes 

0 

1/4 ine 1/2 ine 3/4 ine 1 in. 1 1/4 in,l 1/2 in,1 3/4 in. 2 ine 


Fig. 41—Relation Between Weld Nugget Diameter and Spacing Between Spots, for 
a Single Row of Welds 
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Fig. 42—-Effect Upon Shear Strength and Nugget Diameter of Variations in the Time Delay Between Wire 
Brushing and Welding 


is lower, but the tension strength is not affected, increas- 
ing the ratio of tension to shear strength. The welds 
made under the conditions recommended above have 
both shear and tension strengths well above minimum 
requirements. 
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Photoelastic Investigation of Stress 
Distribution in Transverse 


Fillet Welds 


By Dr. C. H. Norris’ 


General 


N THE Structural Laboratory course last year, it 
was desired to include a comprehensive exercise 
which utilized most of the essential principles in- 
olved in the solution of a plane stress problem by the 
photoelastic method. Instead of using a conventional 
oroblem such as the analysis of a beam or ring, it was 
lecided to use a subject having more of a research aspect. 
lhe scope of such a problem had to be restricted so that, 
by dividing the work among a limited number of students, 
lefinite results could be obtained in a reasonable amount 
f time. 
For this purpose, it was decided to study the effect 
cross-sectional shape on the stress distribution in 
transverse fillet welds, restricting the investigation to 
our shapes, namely: the conventional full triangular 
fillet, a convex fillet, a concave fillet and a partial tri- 
mgular fillet. Similar photoelastic studies have been 
made by several investigators and are reported notably 
in the following references. 


Coker, E. G., and Levi, Miss R., “‘Stress Distribu 
tion in Fusion Joints,’’ Proceedings, Institution 
of Mechanical Engineers, May 1931. 

2. Solakian, A. G., “Stresses in Transverse Fillet 
Welds by Photoelasticity,’’ AMERICAN WELDING 
SOCIETY JOURNAL, February 1954. 

. Coker, E. G., “Stresses in Fusion Joints,’’ AMERI- 
CAN WELDING SOCIETY JOURNAL, June 1934. 

1. Solakian, A. G., “Stress Distribution in Fillet 
Welds—A Review of the Literature,’ THe 
WELDING JOURNAL, May 1937. 


The results which are given here were obtained by 
students in the laboratory course during the 1940-11 
school year and were checked independently by the 
laboratory staff. 


Object and Scope of Investigation 


In this investigation, it was desired to find the effect 
of the shape of the face of a transverse fillet weld on the 
stress distribution and stress concentrations in the weld 
lo study this problem, a double strap butt joint was 
selected as a basis of comparison. Four types of welds 
were investigated for this type of joint, namely: 


“ Reprinted from publication 80, Dec. 1941, Dept. of Civil and Sanitary 
neering, Massachusetts Inst. of Technology 
istant Professor of Structural Engineering, 


Type A—Convex fillet weld 

Type B—Concave fillet weld 

Type C—Full triangular fillet weld 
Type D—Partial triangular fillet weld 


The term, “full triangular’’ fillet weld, is used to desig 
nate a fillet weld having a straight 45° face and a leg ex 
tending over the entire thickness of the strap plate, 
while the term, “‘partial triangular’’ fillet weld, applies 
to a fillet weld, having a straight 45° face with a leg ex 
tending over only part of the thickness of the strap plate 

Type A and Type B fillets have been selected to stud) 
the effect of “‘reinforcing’’ or reducing the throat of 
standard 45° straight face fillet, such as the Type ¢ 
fillet. The face contours of Types A and B will be max 
extreme to accentuate this effect. It is intended to con 
pare Types C and D to determine how nearly the strengt! 
of a standard straight fillet is directly proportional to th 
length of its leg. 

It was decided to compare these different shapes o1 
the basis of the stress distribution existing on the se« 
tions which coincide with the legs of the fillets under a 
tensile load on the joint. It was further assumed that the 
stresses in the transverse fillet welds are of a tw 
dimensional nature and, therefore, uniform along the 
length of the weld. This assumption makes it possiblk 
to carry out this investigation by studying the stress 
distribution in model which represents a thin slice taken 
from the transverse welds of a double-strap butt joint 


Description of Tests 


To determine the stress distributions required using 
the photoelastic method, two models were constructed 
out of BT-61-893 Bakelite to the dimensions shown in 
Fig. 1. These models were cut out of a solid sheet (ap 
proximately four tenths of an inch thick) and an internal 
H-shaped cut was made so that a double strap butt joint 
is reproduced. These models are symmetrical about the 
longitudinal center lines, but the external contours are 
shaped so that there is a different type weld at each end 
of the strap plates. This dissymmetry does affect the 
stress distribution in the welds, but undoubtedly it is a 
small amount. Further, the types of welds were matched 
in such a way that the models were as nearly symmetrical 
about the horizontal center line as possible. The length 
of the strap plate is probably not important unless it is 
very short and was made three times its width. In these 
models, the width of the strap plates has been mack 
approximately equal to that of the main plates. ‘The 
inner edge of the slits was made to coincide with the 
longed edge of the main plates. 
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In order to simulate a square corner at the root of the 
welds, the ends of the slits, representing the contacting 
faces of the strap and main plates, were cut as square as 
possible. Previous investigators have usually used a 
very small radiu at the ends of the slits. Also, they have 
investigates this type of joint with and without pressure 
between the faces of the straps and the main plate— 
contact between these faces having been obtained by 
packing the slits. In these tests, since the effect of dif- 
ferent contours of the face of the fillets was desired, it 
was felt that this could be better studied by eliminating 
any possible variation in the manner in which the slits 
were packed and, therefore, these tests were made with- 
out pressure between the faces of the plates. In both of 
the models the slits are 0.04 in. wide. 

The difference in the principal stresses, (p)—q), was 
obtained by photographing these models in a standard 
polariscope, using circularly polarized monochromatic 
light. The sum of the principal stresses (p+q), was 
obtained by measuring the change in thickness of the 
model at a number of points using a de Forest-Anderson 
lateral extensometer.* The directions of the principal 
stresses were obtained by two methods: first, by trac- 
ing the isoclinics obtained in the polariscope using plane- 
polarized white light; and second, by photographing the 
stress trajectories obtained by using a method developed 
by Dr. A. J. Durelli,t in which he paints the model with 
a strain-sensitive lacquer which cracks under load into 
the pattern of one system of stress trajectories. 

Using the test data for (p—q), (b+ q) and the directions 
of the principal stresses, the normal and shear strésses 
were computed on the sections coinciding with the legs 
of the fillet welds of these models. These sections, sec- 
tions ao, and co, are indicated in Fig. 1. These stresses 
were computed using the usual equations for two- 
dimensional stress systems, namely: 


( 
4 oto 


— 


cos 2a 


(p—q) .. 
sin 2a 

9 
The results are shown on the curves shown in Figs. 2 
and 3, and will be discussed in the next article. 


Discussion of Test Results 


The normal and shear stresses shown in Figs. 2 and 3 
are readily determined except in the vicinity of the points 
of stress concentration. In these regions, the quantita- 
tive accuracy of the curves is questionable and therefore 
has been shown by a dashed line. Several statical checks 
have been applied to these results, namely: 


1. The resultant normal stress on section ao, should 
equal one-half of the tension applied to the 
model. 

2. The resultant shear stress on section co should 
equal one-half of the tension applied to the 
model, 

3. The resultant shear stress on section ao; should be 
equal and opposite to the resultant normal 
stress on section co. 


These statical checks serve to check the results as a whole, 
but of course do not indicate the accuracy of the indi- 
vidual ordinates to the curves. The fact that the ordi- 
nates computed from the test measurement do lie on a 


* Proceedings of Tenth Semi-Annual Eastern Photoelasticity Conference 
December 1939, p. 31. 

t Proceedings of Thirteenth Semi-Annual Eastern Photoelasticity Con- 
ference, June 1941, ‘New Method of Obtaining Isostatics in Photoelasticity,” 
by A. J. Durelli 
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Fig. 1 


smooth and continuous curve does, however, indicate 
that the values are not unreasonable. The following 
tabulation gives the percentage errors found by applying 
these statical checks to the various models: 


Statical Check No. 


1 2 3 

Type A model +3.0% —12.0% 1.4 

Type B model +1.0% — 9.7% 6.1 
Type C model —2.3% — $197 0.1% 
—12.0' 13.2% 


Type D model —().4% 


The errors recorded for Check No. 3 were computed b) 
taking the difference in the two resultant forces and «i 
viding by one-half of the tension applied to the mode! 
Check No. 1 is quite easy to satisfy, but both Check: 
Nos. 2 and 3 are difficult, being particularly sensitiv: 
to the direction of the principal stresses. _ 

It should be pointed out that accurate determination 
of the stresses in the vicinity of points of stress concentra- 
tion is very difficult. Not only are experimental meas 
urements inaccurate and approximate, but also inter- 
preting this information as a case of two-dimensional 
stress is highly questionable. Theoretically, a square re- 
entrant corner, such as those occurring in these models 
is a discontinuity at which the stress is infinite, and 
there must be a plastic flow which relieves the stress 
Of course, the square corners in these models are not 
perfectly square, but have fillets of a very minute radu, 
even so, the stresses are very high at these points. In the 
neighborhood of a corner, the radius of the corner fillet 
is the representative dimension of the plate, and since 
it is small in comparison with the thickness of the plats 
the stress distribution approaches a state of plane strait 
Probably, a point which is approximately half the thick 
ness of the plate away from the corner approaches 
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state of plane stress. In the region in between the corner 
and such a point, the state of stress is somewhere in 
between plane stress and plane strain. It is apparently 
not legitimate, therefore, to interpret the data in this 
region as a case of two-dimensional stress system, as was 
done in these tests. 

The test data indicate that the stresses near point 0, 
on section ao, are most likely to be in error for the reasons 
just discussed. Readings on the lateral extensometer 
taken 0.02 in. from point 0, on all types of fillet welds 
indicated relatively small changes in thickness of the 
model whereas the isochromatics indicate a very high 
tensile stress parallel to the inside edge of the strap plate 
as point 0; is approached from the strap plate side. In 
these tests, the boundary value of (p+ q) at point 0, on 
section do, was located consistent with the large tensile 
o-stress indicated by the isochromatics at this point, 
and the results given here have been computed on this 
basis. Readings taken with the lateral extensometer 
very close to points ¢ and o on all types of welds were 
consistent with the change of thickness indicated by the 
isochromatics for a state of plane stress. It is, therefore, 
felt that the stresses found at points c and o are more 
reliable than those given for point 0. 


Conclusions 


The results given in Figs. 2 and 3 may be best com 
pared on the basis of the magnitude of the stress concen- 
trations. The magnitude of the normal stresses at points 
¢ and o on section co and at point 0; on section ao, and 
the corresponding stress concentration factors are com- 
pared for the different types of welds in the following 


tabulation. The stress concentration factors are com- 
Stress Concentration 
Normal Stress, Psi Factors 
Toe Toe 
of of Weld Root of Weld of Weld Root of Weld 
Weld Point ¢ Point « 
or Point o Point o, (orce,) Point o Point o 
A +2170 — 1870 +2310 5.43 
B 0 - 3330 +3180 0 8.33 7.95 
+1013 1732 +2470 1.33 18 
+ 1443 — 3040 6] 6.50 7 60 
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puted on the basis of the average stress in the stra 
plates. 

Comparing Types A and C, it is seen that “reinforce 
ment” of the throat of a standard 45° straight face fille 
weld does reduce the maximum stress concentratio 
point 0;) a slight amount—but only 6.5% as compar 
with a 42.5°% increase in the throat dimension. Further 
the re-entrant corner produced at point c approachies 
90° corner and causes a stress concentration factor 
the toe almost as large as that at the root. Comparing 
Types B and C, it is seen that reducing the throat do¢ 
increase the maximum stress concentration factor 
about 35% as compared with a 41.5% decrease in tly 
throat dimension. Making the weld face tangent to th 
main plate at c of course reduces the concentration at this 
point. 

Comparing Types C and D, it is evident that reducin 
the length of the leg of a standard 45° fillet by 25' 
has increased the maximum stress concentration factor 
by 23%. This indicates that the strength of a straigh; 
45% fillet is almost directly proportional to the lengt) 
of its leg as is commonly assumed in design practic 
However, it should be noted that in the Type D fillet th: 
stress concentration factor at o is more nearly equal t 
that of 0; than is the case for the Type C fillet. This may 
indicate that as the leg dimension is further decrease: 
the strength of the fillet may depart somewhat from 
linear relationship with the size of the leg. 

The conclusions which may be drawn 
investigation may be summarized as follows: 


from thus 


1. Reinforcement of the throat of a standard 
straight face fillet by a convex face is not effec 
tive in increasing its strength and, if anything 
may be harmful, because it increases the stress 
concentration at the toe of the fillet. 

2. On the other hand, concavity in the throat ot 
standard 45° straight face fillet decreases 1! 
strength almost proportional to the reduction 1 
the throat dimension. 

3. The stress concentration at the toe of a fillet n 
be reduced by fading the face of the fillet int 
the main plate with a smooth curve. 

1. These tests indicate that within certain lu 
(which have not been determined) the strengt! 
of a standard 45° straight face fillet is practical! 
directly proportional to the length of its leg 
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The Straining of Deposited Weld 
Metal During Cooling 


By E. Paul DeGarmo’ 


Introduction 


HE failure of certain welded structures, wherein 

almost no ductility was observable, has raised 

many theories as to the possible causes. 
these failures nearly always originate in weld metal, 
which in normal tension tests exhibits excellent ductility, 
it was natural that much speculation should exist as to 
the reasons why this same metal did not behave in a duc 
tile manner in these cases. Several persons have ex 
pressed the belief that some of the inherently available 
ductility of the weld metal might have been consumed by 
the straining that takes place during its cooling when 
it is deposited in a structure wherein the plates being 
welded offer considerable restraint. 

Because it is extremely difficult to make measurements 
it the elevated temperatures which exist during the depo 
sition of weld metal and its subsequent cooling, relatively 
little work has been done toward determining what occurs 
during this process. It was to obtain a measure of the 
plastic flow that takes place in a weld as the result of cool- 
ing that this investigation was undertaken. 


Theoretical Considerations 


When a weld is made a relatively small amount of the 
base metal is heated and melted and a small quantity of 
* Scheduled for the Twenty-sixth Annual Meeting, A.W.S., October 1945 
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molten metal 1s deposited. There is thus the necessity 
for the molten metal to cool, solidify and further cool 
while bonded to a large mass of metal at, or slightly 
above, ambient temperature. When the weld deposit 
solidifies it assumes the dimensions dictated by the geom- 
etry of the base metal at that time. 

The greater part of the base metal does not undergo 
any great temperature change (perhaps less than 100° F. 
change for the most part) during the entire process and 
its physical dimensions do not change appreciably. 
Also, since it has its full strength, it offers great resistance 
to dimensional changes. 

The weld metal, on the other hand, undergoes a tem- 
perature change of around 1400° F. in cooling from the 
solidification point to ambient temperature. During 
this cooling the weld metal would like to contract approxt- 
mately 0.000006 in. per inch of length per degree F., 
or a total on this basis of 0.008 in. per inch. If the weld 
metal were, in effect, given a plastic strain of this amount 
the effects would not be great. Moreover, when it is ap- 
preciated that during much of the cooling (or straining) 
period the mechanical properties of the weld metal are 
very low, as indicated in Fig. 1, and the plastic flow oc- 
curs easily,and further, that metallurgical transformation 
takes place during the cooling, it appears doubtful if the 
effective strain is as great as 0.008 in. per inch. Also, since 
the temperature of the base metal varies from ambient 
up to the melting point over a few inches adjacent to the 
weld deposit, some of the restraining metal immediately 
adjacent to the weld deposit is expanded and also con- 
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Fig. 3—Details of Test Plates 


tracts during cooling. Thus it is probable that the effects 
of straining during cooling should not be as great as those 
caused by a cold strain of 0.005 in. per inch. 

Since this complex set of conditions regarding tem- 
perature, strength and metallurgical transformations 
exist, it is extremely difficult, if not impossible, to make a 
direct determination of the effective plastic strain that 
takes place. However, it appears that the answer can 
be obtained by an indirect method. 

It has been found that the longitudinal strain in a butt 
fusion weld is essentially as shown in Fig. 2.'»* The weld 
metal at points A, B and C is subjected to different 
amounts of strain during cooling. The metal at A has 
had no plastic strain. At C a stress equal to the yield 
point is found indicating that the metal at this point at 
least has been strained elastically to the yield point.* 
Because of the shape of the stress-strain curve just be- 
yond the yield point, it is possible that the metal might 
have been strained plastically to an appreciable extent 
beyond the strain corresponding to the yield point and 
still not indicate greater than yield point residual stress 
when measured by relaxation methods. 

If tensile specimens were taken from a weld at points 
A, B’ and C’, these should reflect in their tensile proper- 
ties the amounts of plastic strain which they experienced 
during cooling. If the tensile properties of these speci- 
mens were then compared with those of other speci- 
mens which had been subjected to known amounts of 
plastic strain, a measure of the effective plastic strain of 
the weld metal due to cooling could be obtained. 


Experimental Procedure 


Two Unionmelt welds were prepared as shown in Fig. 
3. The size of the plates was sufficient to assure at the 
mid-lengthy of the weld maximum possible longitudinal 
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Fig. 5—Location of Test Specimens in Butt Weld 


strain due to cooling. The plates were tack welded using 
2-in. tacks on 12-in. centers. Run-off tabs were pr 

vided at each end of the joint. Both passes were depos 
ited at 35 v., 1050 amp., with a machine speed of 13 in. per 
minute. Linde No. 36—!/,-in. electrode was used with 
Unionmelt No. 20—200 flux. After the first pass was 
deposited the plates were turned, flame gouged, and the 
second pass run. 

The following day '/,4-in. tensile specimens, as shown 
in Fig. 4, were cut from each weld, being taken from th 
locations indicated in Fig. 5. Thus, as shown in Fig. ¢ 
ten specimens were cut from each weld. Specimens | 
3, 4, 5 and 6 had received no plastic strain during cooling 
Specimens 9 and 10 had been strained a maximum 
amount while Specimens 7 and 8 had been strained som 
intermediate mount. 

In order to obtain a calibration curve of tensile proj 
erties vs. known amounts of plastic strain Specimens |, ° 
3 and 4, which had not been strained plastically during 
cooling, were strained plastically the following amounts 
Specimen 1, 1/2%; 2,1%; 3, 3%; 4, 5%. Since Spec 
mens 5 and 6 had been subjected to practically zer 
strain during cooling, they were used to give results cor- 
responding to 0% strain. 

In order to measure the strains a special “‘clip gage 
was used. This gage has been developed at the Univer- 
sity of California for making very accurate strain meas 
urements where considerable extension occurs. As shown 
in Fig. 6, it consists of a phosphor-bronze ‘“‘clip’ on which 
are mounted two SR-4 electrical resistance strain gages 
The ends of the clip can be fitted between pins soldered 
to the specimen or into nicks in the specimen. In thus 
case a small amount of solder was deposited on tht 
specimen where each end of the clip gage was to rest 
Smali nicks were then made in the solder and the gag 
fitted into these nicks. In this way it was not necessar 
toput nicks in the body of the specimen toe support the gag 


Fig. 6—Special Clip Type Strain Gage Mounted on Tensile Specime* 
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ends. The clip gage was held in position by means of rub- 
ber bands, as shown in Fig. 6. 

After Specimens 1, 2, 3 and 4 had been strained plas- 
tically, all of the specimens were heated for 2 hr. at 212° 
F. in order to accelerate strain-age embrittlement prior to 
testing. 

On the following day all of the specimens were tested 
in tension to destruction. The tests were conducted with 
extreme care so as to obtain precise readings at the yield, 
ultimate and breaking loads. After fracture the total 
elongation over the |-in. gage length was determined. 


Results 


The results obtained from the tests of the two welds 
ire Shown in Fig. 7. In each case a curve of yield point 
stress vs. plastic strain was drawn. The yield point 
stresses for Specimens 7, 8, 9 and 10, having unknown 
amounts of strain, were then located on the curves. The 
locations of these points upon the curves give the cor- 
responding effective plastic strains to which these speci- 
mens were subjected during cooling of the deposited 
metal. Since Plate II was the second one made and 
tested, it is probable that the results obtained were 
sightly more reliable than those for Plate 1. 

It may be seen in Fig. 7 that the maximum effective 
plastic strain was less than '/,9%. This is in agreement 
with the statenient made previously that the effective 
strain should be less than the 0.008 in. per inch due to sim- 
ple thermal contraction. On the curve for Plate I it 
will be noted that the four specimens, 7, 8, 9 and 10, fall 
into two groups. The two Specimens 7 and 9 from one 
side of the weld form one group, while the other is com- 
posed of Specimens 8 and 10 from the other side of the 
plate. This phenomenon was not observed in Plate II. 

[t is thus apparent that the yield point stress which is 
measured by relaxation methods at the mid-length of such 
i weld does not indicate all of the strain to which the 
weld metal has been subjected However, it is equally 
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apparent that the maximum amount of strain which oc- 
curs is not at all serious. 

As might be expected, the yield point values gave 
more significant differences than the ultimate or breaking 
stresses. In general, the latter showed the same relative 
results but the effects of small differences in strain were 
not so pronounced. 

While the tests were conducted on Unionmelt welds 
the results apply also to manual welds since the strain 
condition indicated in Fig. 2 is the same for both types. 


Conclusions 


From the tests conducted the following conclusions 
were drawn: 

1. In a butt Unionmelt weld greater than 20 in. in 
length the weld metal at the mid-length is subjected dur- 
ing cooling to a plastic strain greater than that corre- 
sponding to the yield point of the material. 

2. The maximum effect of such straining upon the 
tensile properties of the weld metal is less than that of a 
'/,% plastic strain at room temperature. 
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Spectroscopy Applied to Ferrous and 
Nonferrous Materials’ 


By Wm. J. Poehlman' 


Abstract 


This presentation is to acquaint those in the welding field with 
the great commercial value of the spectrograph in controlling weld- 
ing and weld materials. By the use of the spectrograph, non- 
destructive analyses of metals, castings and forgings, bar and plate 
stock, weldrod wire and weld metal are procured accurately, with 
great economy and speed. The necessity of these factors for an 
inspection tool in the present great demand for increased production 
with the simplicity of their procedures is discussed. A brief re- 
view of the origin and history is given. The spectrograph arid other 
equipment used in a modern laboratory, along with some typical 
results obtained are illustrated. 


Introduction 


PECTROGRAPHY provides a means of carrying 

out quickly and accurately an analysis by the 

application of a spectrograph, which employs the 
combined principles of physics, optics and photography 
to investigate the chemical composition and atomic 
structure of ferrous and nonferrous metals and non- 
metallic materials. 

For the benefit of those unfamiliar with spectrography, 
it is pertinent to refer briefly to the factors leading to 
modern spectroscopy; namely, (A) origin and history; 
(B) principles involved and (C) significance to science 
and industry. 


(A) Origin and History 


The most common example of a spectrum is the rain- 
bow which had been observed for years, yet the disper- 
sion of light was not discovered until 1666 by Sir Isaac 
Newton.' He demonstrated that white light could be 
resolved into its component colors by passing the beam 
of light through a glass prism. By doing this he obtained, 
on a screen, a series of colored bands resembling those ob- 


* Scheduled for the Twenty-Sixth Annual Meeting, A.W.S., October 1945 
+ Chief Spectrographer, A. O. Smith Corporation, Milwaukee, Wis 
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Fig. 2—Schematic Diagram Illustrating the Sun's Many Line 

Spectrum Compared with Laboratory Produced Spectra of 

Different Elements. The Remaining Unmatched Lines of the 
Sun’s Spectra Are Due to Other Elements 


served in the rainbow and illustrated in Fig. 1. This 
series of colored bands became known as a spectrum. 

It was not until the beginning of the nineteenth cen- 
tury that further experiments were made. Wollaston i: 
1802 observed that the sun’s spectrum was crossed with 
black lines parallel to the slit through which the sunlig! 
passed before entering the prism. It also showed ab 
sorption regions and a discontinuous emission spectrum 
A reproduction of the sun’s spectrum is illustrated in 
Fig. 2. 

In 1817, the first spectroscope was constructed by 
Fraunhofer. He placed a convex lens between the prism 
and the slit using a telescope to examine the refracted 
lines more clearly. By this means he was able to prove 
that the lines obtained from a given source of light, 
always occupied the same relative positions. He also 
invented the diffraction grating, the second method of 
producing spectra and was able to measure the wav 
lengths of the solar lines, thereafter known as the Fraun- 
hofer lines. 

J. F. W. Herschel, in 1823, made the first systematic 
observations of metallic emission spectra. He invest- 
gated the spectra of colored flames, particularly thos 
charged with copper and strontium ard attempted to 
record their position graphically, thus laying the founda- 
tion of spectrum analysis. 

Kirchhoff and Bunsen® later placed spectrum analysis 
on a firmer basis by their discovery of new lines repre 
senting various unknown elements including, caesium 
and rubidium. They also established the fact that eacli 
element had its own distinctive spectrum. This «p- 
proach provided a new method by which the compositio! 
of the universe could be determined. Bunsen and 
Kirchhoff were responsible for the first spectrometer and 
the first use of the collimator. By the middle of the ni 
teenth century many new workers in the field began ti 
study of the spectrochemical composition of the stars, 
the sun and the earth. Of special interest is the spect: 
graphic discovery of helium, in the solar spectrum | 
before it was known to exist on the earth. The first 
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Fig. 3—Schematic Diagram of the Complete Wave-Length and 
Frequency Chart of the Electromagnetic Spectrum 


paper On spectrographic analysis was written in 1860, by 
Kirchhoff and Bunsen entitled, ‘‘Chemical Analysis by 
Means of Spectral Observations.’’* After the beginning 
of the twentieth century the emphasis has been on the 
qualitative and quantitative analysis rather than on the 
mere identification of spectra. 

As late as 1910, H. Kayser wrote in his monumental 
“Handbuch der Spectrosckopie’’ as follows: ‘‘Summariz- 
ing, I come to the conclusion that quantitative spectro- 
scopic analysis has shown itself as impractical.’’ Spec- 
troscopic progress was shelved universally during the 
first world war era, except for the continued research of 
de Gramont in France and Burns in the United States. 
Not until 1925, was this ‘‘forgotten method’’ exhumed 
ausgegraben), by the physicists of the Zeiss Works. 
Since then physicists from practically every nation have 
contributed to the research and development of spectro- 
graphic analysis. 


(B) Principles Involved 


The principles of spectrochemical* analysis are based 
upon the fact that the atoms in each chemical element in 
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Fig. 4—An Enlarged Portion of a Spectrographic Plate Showing 
Five Spectrums of Iron with Varying Silicon Content 


At the top is a millimeter scale, below it the spectrum of pure 
iron, then the spectra of pects @, 6, x and c, respectively 
At the bottom identified are the line pairs of silicon and iron wave 


lengths in angstroms (Harrison, Mas ssachusetts Institute of Tech- 
nology Wave-Length Tables, John Wiley and Sons, Inc., New York 
(1939). Before the advent of microphotometers these element lines 


were evaluated visually with an average accuracy of less than 5 
to 10% of the amount present, by comparisor } with known stand 
ards. With the present development of the internal standard 
methods, choice of proper spectral line pairs, microphotometers, 
photographic materials and processes, precisions of 3 to by) 


standard deviation are obtainable. The specimen 
contains 0.58% of silicon. 


a vapor state, under suitable thermal or electrical excita- 
tion, vibrates with its characteristic frequency. The 
complete frequency and wave-length chart of the electro 
magnetic spectrum, as it is now known, is illustrated in 
Fig. 3. This complete spectrum covers a range from the 
longest wireless waves, several miles long, to the X-ray 
waves of one million-millionth of a centimeter in length. 
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5 slit S circle" usually obtained by metallic ares and 
sparks, carbon arc flames or discharg, 

\ tubes. 
\ _ The wave lengths’ of the spectraj 
(radius of curvature lines emitted by each element are dif 
a er (to gratin = 2r) ferent from those emitted by any other 
element, each having a definite pattern, 
as reproduced in Fig. 2. These patterns 
Film 4 when recorded on photographic 
Plane transmission grating “2S oe terials are called spectrograms and ar 


Fig 6—Diagram of a Concave Grating Spectrograph 


Fig. 7—Sample Preparation Room: Corner Showing Briquetting 
Machine, Grinder and an Assortment of Samples to Be Prepared 
for Spectrochemical Analysis 


Only a very small portion of this known spectrum is 
visible. Spectrographic analyses are made in_ this 
visible and the invisible ultraviolet and infrared ranges. 
Chemical analysis can also be accomplished by the X- 
ray spectrometer, which produces the characteristic 
X-ray emission lines. 

A spectrum may be described as a wave-length analy- 
sis of a source of light. All spectra may be grouped into 
four main classes: 


(a) Continuous emission spectra. 


(b) Line emission spectra. 
(c) Continuous absorption spectra. 
(d) Line absorption spectra. 


The line emission spectra, to which this paper is limited, 
are the most important in spectrochemical analysis and 
are characterized by sharply defined bright lines, caused 
by the gaseous atoms or ions in a suitable state of excita- 
tion, illuminating the slit. This means of excitation is 


Fig. 8 Opposite Corner of Sample Preparation Room, Showing 
Belt Sander Where the Surfaces of the Various Types, Sizes, 
Shapes and Forms of Samples Are Prepared. This Room Also 
Contains a Cut-off Wheel and Dome Surface Grinder 
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the basis of spectrographic analysis 
The line emission spectra emitted by 


Fig. 9—General View of the Excitation Room Where, Depend- 

ing on the Analyses Required, Spectrographic Photographs 

Are Taken of the Spectra Produced by the Various Electrica! 
Discharges 


each element in a sample, under controlled conditions oi 
excitation manifest themselves at their characteristi: 
wave lengths. The darkness of the photographic images 
of the spectral lines is proportional to the concentration 
of that element present. As illustrated in Fig. 4, for th 
element silicon, a dark line represents a high concentra 
tion, while a faint line, a low concentration. The com 
parison of these line intensities with those of know: 
standards is the basis of quantitative analysis. Gerlachs 
and Schweitzer’s® Internal Standard Method and line in 
tensity measurements by photometers further increased 
the accuracy of quantitative analysis. 

There are two types of spectrographs, known as the 
Prism and the Grating, illustrated diagrammatically in 
Figs. 5 and 6, respectively, whose basic components are 
the slit, the lenses, the dispersing and the recording 
systems. The spectrograph is an optical instrument de- 
signed to refract or diffract the light produced at a source 


Fig. 10--Dark Room: Here, the Exposed Photographic Spec- 
trum Plates Are Processed Under Controlled Conditions 
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Fig. 11 


In the Calculating Room, Microphotometer Density 
Readings of the Unknown Elemental and Reference Lines of 
the Spectrums on the Processed Plates Are Transposed Over 
Plate-Characteristic Curves to Their Respective Logarithmic 


Intensity Ratios. These Logarithmic Intensity Ratios Are Then 
Transformed to Their Proper Per Cent Concentration Values, 
Posted and Reported 


into its constituent wave lengths which are recorded on 
photographie plates or films. The spectrogram thus pro 
duced may be interpreted for either qualitative or 
quantitative analysis, thereby accomplishing physically 
what the chemist does chemically. There is no standard 
kind or size of spectrograph available for all types of 
analytical work. The type of instrument selected for a 
particular analysis should be governed by the character 
of the analysis required. 


(C) Significance to Science and Industry 


It was not until recent years that the findings of the 
early pioneers of spectrography have been put to any im 
portant use in industry. The first systematic practical 
use of spectrography in the western hemisphere was in 
troduced in 1913, by K. Burns,’ of the United States 
Bureau of Standards. W. F. Meggers, also of the Bureau 
of Standards later published in 1922, the first complete 
paper on “‘Applied Spectrographic Analysis of Practically 
Pure Metal.’’ The spectrograph has since been applied 
to almost all fields of industry and science. The inter 
national standardization of wave-length measurements 
and tables and the constant improvements on spectro 


Fig. 12—-Cross Section of Crack, Illustrating the Lack of De- 


carburization, and Intergranular Nature; Inclusion Material 
Identified as Lead by the Spectrograph 


On determination of cause the use of lead hammers wa: 
pended and defects were eliminated. Penetration occurrs 
hot-lorming operation under lead smears on surface. 5( 
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graphs, excitation methods, photographic materials, the 
development of the microphotometers and spectro- 
chemical methods have greatly reduced the early limita- 
tions of quantitative spectrochemical analysis. 

The applications of spectrographic methods are today 
so numerous that to recount them in detail would be alto- 
gether beyond the capacity of this discussion. The 
following are a few of the more important fields: Ce- 
ramics, Glass, Food, Organic and Inorganic Chemistry, 
Biology, Agriculture, Criminology, Mining, Medicine 
and all phases of Metallurgy. Incredible progress has 
been made since 1925, when the horizon of applied 
spectrography became perceptible. 

The principal advantages of spectrographic analysis 
are: 

1. Speed of analysis is important in steel manufacture 
and steel fabrication. The time required for spectro- 
graphic analysis ranges from 8 min. to | hr. depending 
upon the nature, size and preparation of sample and the 
number and kind of determinations reported. Under 
routine analysis techniques, eight to ten determinations 
per man-hour can easily be attained. 

2. Accuracy is imperative in analysis. At present 
precisions of 3 to 5°; standard deviation are obtainable. 


Fig. 13 
as Being Beryllium-Copper Alloy by the Spectrograph 


Intergranular Penetrator; Inclusion Material Verified 


Penetration occurred under dies made of the above material. 


3. Cost for the same number of determinations per 
sample is less, a saving of approximately ten times over 
the cost of chemical analysis can be attained by the 
spectrographic methods. 

4. Sensitivity is very great, some elements can be de 
tected im amounts lower than 0.0001°), while some 
metallic elements can be identified when their concentra- 
tion reaches 0.001). 

5. Simplicity and ease in determining the 16 rare 
earth elements which are especially difficult and tedious 
to analyze by wet chemical methods. 

6. Sample size need never require more nor exceed 
100 mg. 

7. Permanent checks and records of all elements 
present are obtained in the form of photographic plates 
or films. 

S. Nondestructive test for analysis attained by the 
flat surface sparking technique*® can be used on finished 
products without destroying or obtaining drillings for a 
complete determination of all elements except carbon, 
phosphorus and sulphur. 

9. Simultaneous detection of unaware and residual 
elements is very valuable in all analysis. The chemist 
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usually reports only those elements or analyses specified, 
while the spectrographer records all elements present in 
addition to those required or suspected. 

The spectrographic methods are not as satisfactory as 
chemical methods for: 

1. Analysis of certain of the nonmetal elements such 
as oxygen, nitrogen, chlorine or sulphur. 

2. Certain analyses can be carried out more quickly 
and more accurately by chemical or colorimetric methods. 

4. Some quantitative determinations of elements 
that occur in very high concentrations. 

4. There are only a few widely acknowledged spectro- 
graphic standard samples available at present. The 
kinds and types are limited and additions to them are a 
slow process. 


Discussion 


In this discussion, spectro-chemical analysis will be 
considered as an improved step in the inspection of all 
raw materials, principally metals in various forms, for 
fabrication, such as castings, forgings, bar and plate 
stock, weldrod wire and weld metal. These analyses are 
made to determine the conformity of their chemical com- 
positions with the requirements of purchase and selling 
specifications. Such an inspection step and procedure 
should be simple, routine and capable of wide application 
in a manner similar to other physical testing tools. 


Fig. 14—-Radiograph of a Sound Weld Rejected Because of an 
Opaque Occlusion Identified Spectrographically as Tungsten 


Carbide from a Broken Tool Bit. Correcting Type and Shape 
of Bits and Machining Operations Eliminated These Rejections 
and Increased Tool Life 


Let us look at the immensity of the job for a moment: 
according to a recent publication an average of 1,106,850 
tons of various kinds of plate steel are produced and 
fabricated each month in the United States. Probably a 
better measure iy line with the present consideration is 
the consumption of welding electrodes which jumped 
fivefold from 200,000,000 Ib. in 1940, to 1,000,000,000 Ib. 
in 1943. In other words there were approximately 8 lb. 
of welding electrodes and 200 lb. of plate steel produced 
annually for every person in the United States since 
1942, through V-E day in 1945 (1940 census 151,669,275). 
By comparison, the quantitative spectrochemical de- 
terminations made by our laboratory increased threefold, 
over the same period. This does not include the many 
special determinations made for development work. 

The present war has placed a tremendous responsibility 
on all industry. The field of steel fabrication with its 
great variety of weldments has been enlarged to such a 
great extent that the need for controls to assure that the 
weldrods used are consistent with the materials to be 
fabricated has never been more important than today. 
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Fig. 15—Intergranular Penetrator; Identified as Being } 


wead- 


Tin Solder by the Spectrograph: Also Silicate Inclusions 


Penetration occurred during soldering operation on 
steel. 1000 


There has been a tendency to discard procedures of i: 
spection unless the application of these procedures in 1 
way delays production, therefore, to comply with th 
speed of production with less man power and unskilled 
personnel, the analytical procedure necessarily has had t 
keep in stride. The spectrograph meets the requirement 
of such an analytical inspection tool. Routine spectr 
chemical analysis can be a predetermined “‘beltlin: 
procedure so simple and mechanical that laborator 
assistants can safely be entrusted with the routine pr 
cedure leaving the interpretation of the spectrogramis t: 
be done by the analyst. The simplified mechanical and 
physical methods of spectrography tending toward 
greater speed at lower costs make it especially valuable t 
industry. The trend therefore is from wet chemical 
analytical methods to spectrochemical techniques. 

The A. O. Smith Corp. of Milwaukee, Wis., has em- 
ployed the use of a spectrograph as a research and 


analytical inspection tool continuously since 1928. To 


meet the increasing demand for the analytical control 0! 
vital steel products, weldrods and weldments, another 
spectrographic laboratory was equipped and in operation 
by June 1942. The spectrographic applications ar 
widening rapidly in conjunction with the close coopera 
tion with the other laboratories. The number of ce- 
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with Silicon Carbide Brick at Forging Temperatures. 
as High Silicon by the Spectrograph. 100 
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Table 1—Conditions of Excitation and Developing 


TTT 


Bausch & Lomb and the Adam Hilger Large Littrow Spectrograph 


Spark A. C. Are 
35,000 V. 2500 Peak 
Peak 
2/3 and 4/3 KV 4.0 Amps. 
-5 Amps. 
Nil and .045 mh. 
0.007 mfd. 
2.5 mm 5 mm. 
90° included 90° included 
ang le* angle 
Cone Cone 
* Flat Surface * Flat Surface 
wire & briquettes wire & bricuettes 


20 mm. 

35 em. 
20 / 14 and 
30 f2 
S.A. I 
D-19 

min. at 7 
A acid 
ray 


L.-D 


laboratories, 


lower electrode 


IETERT A.C. Spark and Ar 


laboratory 


such as the 


interchangeable 


5 cn. 
/ 320 and 
c / ony 
S.A. 10 I 
D-19 
F. min. at 70° F, 
solution Keetic acid solu. 
Xeray 


lepending uy 
re Sources, 


the speed and accuracies obtained 
have fulfilled the production requirements. 


The problems 
fabricators’ 


are somewhat more com- 
plex than those confronting the metal producer. 
metal producers’ 


In the 


steel mills, 


ferrous and nonferrous foundries and secondary smelters, 
the control analyses are on metals of close similarity in 


To maintain 


composition. The samples are usually 
of the same size, form and metallurgi- 
cal history. The procedure is routine 
with no great changes from hour to 
hour or day today. However, in the 
spectrographic laboratory of the A. O. 
Smith Corp., the demand for the type 


and kind of analysis varies consider- 


ably. The samples are not of the 
same size, form and metallurgical his- 
tory. During the course of a day, 


analyses are made on carbon and low- 
alloy steels, having narrow specifica- 


tion limits with a considerable num- 


ber of elements falling im the higher 
percentage ranges. Staimless steel, 
nonferrous and nonmetallic analyses 
are also made. Therefore, in com- 


parison, the fabricators’ laboratory 
requires greater flexibility 

The sample prep aratione quipment, 
illustrated in Figs. 7 and 8 include a 
cut-off wheel, belt sander and motor- 
driven grinders. A _ special motor- 
driven cutter is sated to prepare 
counter or opposing electrodes of car- 
bon, graphite and steel. Milled chips 


of metallic materials and powders of nonmetallic ma- 
terials are compressed into briquettes or pellets with the 
aid of hydraulic press. 

The means of sample excitation include a high-voltage 
interrupted spark source of recent design with sealed 


Table 2—Spectral Lines Employed for Various Elements with Percentage Ranges and Source 


Inknown ?eference hange 
Line Line Percent 
Mn. 2932.06 Fe 29:1.60 05 = .20 
in. 2933.06 Fe 2936.91 = 245 
Mn. 2933.06 Fe 2597.26 045 = .65 
Mn. 2558.59 Fe 2553.73 -65 - 2,00 
Mn. 24°0.57 Fe 3488.68 2.00 5.50 
Si. 2581.58 Fe 5.35 .002- 0,915 
i. 2881.58 Fe 2886.32 -015- 0.10 
i. 2881.58 Fe 2874.17 10 = .70 
Ni. 3414.77 Fe 3421.81 Ol- .50 
Ni. 3414.77 Fe 3476.00 .50 = 2.00 
Ni. 3515.05 Fe 3513.82 2.00 - 6.00 
Ni. 3510.24 Fe 3497.84 8.00 
Ni. 2391.05 Fe 3407.46 20.00 -40.00 
Cr. 3593.49 Fe 3612.07 .005- .40 
Cr. 3408.96 Fe 3413.10 40 = 2.00 
Cr. 3408.76 Fe 3497,46 2.00 - 8.00 
Cr. 3391.43 Fe 3407.46 8.90 -20.00 
V . 3185.40 Fe 3207.09 .005- .02 
V . 3110.71 Fe 3106.56 02 = .10 
V . 3110.71 Fe 3075.72 = 
V . 3130.29 Fe 3075.72 -40 = 1.50 
B . 2496.78 Fe 2505.01 .002=- .008 
B . 2496.78 Fe 2496.99 .008- .04 
Bi. 3067.72 Cu 3088.13 0,.0003-0,0007 
Bi. 3067.72 Cu 3116. 35 -0007= .0015 
Bi. 3067.72 Cu 3073.80 .0015- .006 
Cb. 3263.36 Fe 3277.35 -1.30 


Mathnd 


HHH 
HH 


HH HHH 


I — Spark, II — A.C. Arc, III — D.C.Are 
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condenser plates; a high-voltage a.-c. are source and a 
d.-c. arc source. These are illustrated in Fig. 9 
Unknown neference hange Method 
Line ine Percent 
Mo. 3170.35 Fe 3207.99 .002 = .02 II 
Mo. 2816.15 Fe 2815. II 
Mo. 2775.40 Fe 2976, 15 -0.60 I 
He 2775.40 Fe 2770. 5] <a ee I 
Mo. 2644.35 Fe 2649 - 6.5 I 
Cu. 3273.96 Fe 3277.25 .04 - .2 I 
Cu. 3273.96 Fe 3236.76 I 
Sn. 3175.02 Fe 3157.04 . II 
Sn. 2034.12 Fe 3012.45 .01 II 
Sn. 2839.99 Fe 2848.72 . *isar II 
Sn. 3330.59 Fe 3331.61 ok ms II 
Al. 3082.16 Fe 3080.1 CO4 - , I 
2.16 Fe 3053.44 .93 .3 II 
Al. 3082.16 Fe 3075.72 .&l I 
95 Fe II 
w . 4005.75 Fe 4 II 
2656.54 Fe 2656 Il 
Ww. 7.09 Fe 2415 T 
W . 2435.77 Fe 24 I 
ake 371. 45 Fe 3359.75 
Tis 1.45 Fe 3387.41 
Ph. 2203 51 Fe 2] 
Pb. 2614, 10 Fe 2é 
Ph. 2873.32 Cu 3 
Pb. 2873.32 Cu 3073 
Co. 2414.46 Fe 2422.6 
Sn. 2850.62 Cu 3058.13 
Sn. 2850.62 Cu 2073.80 


‘ 
= 
Source D. Cc. Are 
Voltage 220 V. D.C. 
Power 4 - -I5 Amps 
Induction 
4-5 = I5 Amp 
hisel 
in 
Car r Sraphite 
0.010 mn. 
Varies 
5 to Iz econds 
Emulsion S.A. No. I 
Developer 
bert Acetic acid solu. 
Fixer 
- 
ied 
= 
nd 
ird 
» 
Cal 
nd | 
lo 
| Ol 
her 
lon 
ra 
le- | 
II ; 
I 
I 
I 
II 
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Sample No, Type of Analysis Mn, Si. Cr. 

4597 - 1 Chemical 252 023 053 
-2 Spectrogranhic ,.51 055 
" 0277, 53 
- 5 .258 .52 
- 10 0475 053 
- 12 6248, 53 
- 14 2505 2274 


Table 3—Typical Wire Analysis 


Ni. 
1,80 
1.86 
1,82 
1.94 
1.8 
1.92 
1,86 
1.98 
1,82 
1.85 
1.98 
1.90 
1.80 
1.82 


Als Mo. 
0286.25 
0025 426 
2026 246 
0265 .235 
00255 246 
2026), 243 
0245 
0025 .246 
026 
20265 
2026 246 
20258 246 
20265 .250 
=.250 


Two large Littrow spectrographs also shown in Fig. 9, 
with interchangeable quartz and glass optics covering a 
range from 2000 to 10,000 angstrom units (10~* cm.) are 


constant power 
equipment. 


Cu, 
-040 
20375 
20365 
-036 
20365 
2036 
203°5 
-0340 
20355 
00355 
2036 
20365 


A 


ing stands are employed to accom 
date the large variety of spectrograph; 
samples. 

These spectrograms are processed j; 
a special dark room. The equipmen; 
illustrated in Fig. 10, consists 
mechanically agitated developing my 
chine, with jacketed trays for devel per 
short stop and fixing solutions in whic} 
plates are processed under time a: 
temperature control. A rapid plat 
washer and dryer are used. Unexposi 
spectrographic plates and photographj 
materials are stored in a refrigerator 
at 60° F. 

The calculating room, illustrated 
Fig. 11, contains a comparator densi 
tometer with an electronic voltage regy 
lator, calculating board and machin 
spectrum plate viewing boxes and sepa 
rate spectrum comparator and _ proje 
tor. 

Comprehensive investigations hay 
caused the purchase of a separat 
source, and separate air condition, 
synchronous motor-driven generator 


now supplies constant power to the excitation units 


employed. Other accessories include a large spec- A complete air conditioning unit maintains a dr 

trometer, a low-voltage spark source, a magnetic shutter bulb temperature at 74° F. with a 48% relative 

and timer and assorted disk sectors. Several illuminat- humidity. 
Table Stock and Weld wis Results 
Stock Ind. Chemical 0.66 0.25 0.75 1.72 0.30 0.17 0.02 
A. O. Smith Chemical -69 227 79 =1.80 03 
A. 0. S. Spectrographic -67 024 o79 1,78 19 603 
A. 0. S. Spectrographic 224 232 018 

A. O. Smith Chemical 052 224 035 1.72 
A. O. S. Spectrographic 253 224 .15 
A. S. Spectrographic 11.80 16 
Ihe. Spectrographic Not Reported 

Stock Ind. Chemical 65 «23 29 
A. O. Smith Chemical 224 1.75 
A. 0. S. Spectrorgraphic 65 1.74 
A. O. S. Spectrorraphic 267 224 1.76 03? -03 
Igh Spectropraphic 66 024 1,74 

Weld Ind. Chemical COL 14 
A. O. Smith Chemical 252 224 283 AS 
A. S. Spectrograrhic 025 41 # £1.78 
A. O. S. Spectrorraphic 258 42 1.997 -80 

A. O. Smith Chemic1 84 1.75 
A. O. S. Spectrographic 025 ae’ 
A. O. S. Spectrographic 27 84 1.74 e31 19 203 
Igh. Spectrographic -73 + 1.80 027 

Weld Ind. Chemical 029 «1.78 88 .14 
A. O. Smith Chemical -50 1.77 015 
A. 0. S. Spectrorraphic 60 228 38 1.75 280 
A. S. Spectrogranhic 227 sar 
Tgh. Spectrorraphic .60 228 -69 
Ind. = Independent Chemical Laboratory Results 
Igh. Indevenient Spectrorraphic Laboratory Results (Grating) 
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Table 5—Typical Stainless Steel Analysis 


TYPICA' STAINLESS STFEL 
spe NOs Sample Si. Cr. Ni. Al. 
405 Vendor =12.09 26.27 
-2 Spectro. 24? 235 12, 40 015 
-3 043 234 12.60 
-4 243 12.28 ly 4 5 
347 Vendor 1.24 18.36 1.12 .14 
-1 Chemical 1.25 11.16.15 
-? Spectro. 1.30 10.90 
-3 1,28 252 18.60 11.70 
-4 1.76 18.5C 10.70 .10 
Vendor 1.61 «17.40 13.65 Nil 
-1 Chemical 1.81 «42 17.58 13.51 <- 
-3 1.80 40 17.80 13.42 .02 
-4 1.73 13.79 .025 
405 Vendor 025 035 475 
-1 Chemical 028 12,60 
Spectro. 230 233 13.0C¢ 
-4 30 233 13,23 
Table 6—Typical Analysis of Heat-Resisting Steel 
SAMPLE. IXPE OF ANALYSIS Mn. $1, Cra Mie Cu, Moe 
# 12442 Vendor -60 1.06 17.0 37.00 - - 
Spectro. -57 1.10 16.89 34.88 .19 - 
Spectro. 56 1.08 16.75 34.95 .19 
Chemical 53 1.01 16.38 35.2 - - 
1289 ‘Vendor - - - - 
Spectro. 15.45 34.20 .02 ,04 
Spectro. 80 15.52 34.30 .03 .04 
Chemical 58 16.00 34,80 - 
Vendor 1.0 16.00 35.00 - 
spectro ove 1.02 15.84 29.56 - -60 
pectro. 1,04 15. 29.10 
Chemical - - - - - - 
Pair Mr 558 $i 239] .42N4329) Mo2775 
Fe. 3075 Fe.3407 Fe3407 
Table 7—Typical Chrome-Nickel-Bronze Analysis 
SAUPLE OF ANALYSIS Cr, Ca... BESLD: 
13527 Vendor 1.00 3.80 94,6 
Spectro. 92 1.75 34 94.27 9.72 
Spectro. 3.72 35 4, 
Chemical 9 3.75 14,9] 
13528 Vendor 1.00 36 94 
Spectro. 1,0 3.90 -40 
Spectro. 1.01 239 
Chemical 3. 039 94,7 
1679] Vendor 1.90 4.90 94,460 
Spectro, 1.01 2,98 039 98, 25 37 
Spectro. 299 4.02 94.20 
Chemical 1.91 309 94.80 


Line Pairs 


Summary 


Some spectrochemical results obtained are illustrated 
herewith. 

The excitation and developing conditions are given in 
Table 1. Spectral lines of various elements with the 
recommended ranges and sources used are given in Table 
2. Table 3 gives the comparative results of chemical and 
spectrographic determinations obtained on 14 individual 
coils of welding electrode wire, representing the same 
heat. Table 4 shows the comparisons of analyses ob- 
tained on the same samples, by two independent spectro- 
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graphic laboratories, one employing a 
Grating and the cther a Prism imstru- 
ment, and two separate chemical labo- 


ratories. Tables 5, 6, 7, 8 and 9, give 

— . & the spectrographic results in compari 

= son with those obtained by our cherm 

cal laboratory and the vendor. These 

04 = - analyses were made on several types of 

003 - a stainless steel, heat resisting steel, 

chrome nickel bronze, beryllium cop 
“18 1.09 per and aluminum bronze. 

et me Besides the many regular daily rou- 


tine spectrochemical analyses, spectrog- 
raphy is applied to an endless number 


220 - - of chemical and metallurgical research 
and production problems. This br vad 
230 - . utilization is possible by coordination 
228 through the other laboratories. A ré- 
- - - sumé of such “‘trouble shooting” ap 
plications include briefly: 

- A. Excessive hardness or softness, 

03 16 - hot shortness, improper duc- 

tility and variations in physi- 

cal qualities. 

B. Causes for accelerated corrosion, intergranular 
corrosion and cracking. 

C. Identification of mixed steel, dirty steel, inclu- 
sions and residuals and failure to meet or pass 
inspection and specification requirements not 

Table 8—Typical Beryllium-Copper Analysis 
SAMPLE’ TYPE OF ANALYSIS Be. Cu RESIDUAL Cr, 

655 Vendor 97. 
Spectro. 2.94 %.60 
Spectro. 2.% 16.52 é 

07 Vendor - - 

pectro. 18 1.00 41 r 4 
etro. 1.05 
Chemical 20 “99 1 - - 
Spectr 411 
yeetr 
5833s Vendor 
pe ro. y Tr . 
L e Pairs Be , 2¢ 50 Co 2406 r. 3408 
Table 9—Typical Aluminum Bronze Analysis 
SAMPLE .IXPE OF ANALYSIS Al, Cu, RESIDUALS. 
12523 Vendor 10,4¢ 3.6 86.00 - 
Spectro. 10.31 3.75 85.45 0.49 
Spectro. 10.37 3.70 85.0 0.43 
Chemical 9.4 3.35 86.06 
12524 Vendor 10.45 4.10 85.45 - 
Spectro. 10.35 4.36 85.20 Tr. 
Spectro. 10.35 4.30 5.15 Tr. 
Chemical 10.70 3.62 6.75 - 
1252 Vendor 10,41 4.00 85.60 ° 
Spectro. 10.31 4.06 85.44 0.19 
Spectro. 10,40 4,00 5.35 0.1 
Chemical 10.79 3.66 85.45 
13280 Vendor 9.00 3.75 87.25 - 
Spectro. 3.84 88.66 Nil/Tr 
Spectro. 7. 3.78 88.55 Nil/Tr 
Chemical 8.11 3.62 88.27 - 
13284 Vendor 10.40 3.75 85.7 a 
Spectro, 3.89 86.15 Nil/Tr 
Spectro. 10.05 3.80 86.20 Nil/Tr 
Chemical 10.10 3.9 86 .C - 
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mentioned above, such as electrical resistivity, 
stress, magnaflux and X-ray. The photographs 
shown in Figs. 12 to 16, inclusive, are examples 
of trouble-shooting applications. 

Residual elements and inclusions are on the increase at 
present, and in all probability will continue to increase 
when the close scrutiny of war inspection departments is 
removed. The contamination of carbon steel scrap with 
alloy scrap is becoming more serious. Dealers and pro- 
ducers seem to be unwilling to make proper segregation 
or maintain large inventories. The pressure to keep alloy 
steel scrap moving back to the steel mills has also re- 
sulted in an increase in the mixture of these grades. 
Some alloy steel scrap is marketed below carbon steel 
scrap prices thus losing the incentive of maintaining 
proper segregation. There is a need for regulations in 
listing the residual elements in the vendors’ products. 

The control of such elements as titanium, tantalum, 
arsenic, antimony, zinc, cadmium, bismuth, boron, 
beryllium, zirconium, cobalt, columbium, lead, tin and 
tungsten and others for their effects on welding will re- 
quire close observation. The spectrographic methods of 
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W. Bray, Detlev W. Bronk, Luther P. 


analysis are admirably fitted to fill these requirement; 
It should be recognized that the spectrograph has app}; 
cations other than those associated with war producti; 
and the conservation of strategic alloys. The postwy 
period will in all probability be one of a highly compet; 


tive market, with even closer tolerances and finer dj: 
tinctions than now prevail. The increased utility of th 
spectrograph in research, product development ay 
manufacture control is rapidly becoming more valuab|; 
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which stipend payments will be made. At 


NATURAL SCIENCES 


The National Research Council an- 


nounces that it is now ready to receive 


nominations and applications for the pre- 
doctoral fellowships in the natural (i.e., 
mathematical, physical and_ biological) 
sciences which it is administering under a 
grant from the Rockefeller Foundation 
These fellowships are intended to assist 
young men and women, whose graduate 
study has been prevented or interrupted 
by the war, to complete their work for the 
doctorate. It is hoped that these fellow- 
ships will do much to accelerate the re- 
covery of the scientific vigor and compe- 
tence of the country which is so seriously 
threatened by the loss of almost two gradu- 
ate school generations of scientifically 
trained men and women. 

This program will be administered by a 
Committee on Predoctoral Fellowships of 
the National Research Council whose 
members are Henry A. Barton, Charles 


Eisenhart, Ross G. Harrison (Chairman, 
National Research Council, ex officio), 
W. A. Noyes, Jr., and John T. Tate, 
chairman; Enid Hannaford, secretary. 
The annual stipend will be $1200 for 
single persons and $1800 for married men 
In general it is expected that each recipient 
will spend at least eleven months per year 
on academic work. An additional allow- 
ance up to $500 per year will be made for 
tuition and fees. Fellowships granted to 
individuals who are eligible for educational 
support from the “G.I. Bill of Rights’’ 
will be at such stipends as to bring the total 
income from these two sources to that 
which would be received at the above rates. 
Each fellow, before entering on his 
graduate studies, will submit for review by 
the Committee on Predoctoral Fellowships 
a schedule, approved by the dean of his 
graduate school, for the completion of his 
work for the doctorate. This schedule, as 
approved by the committee, will constitute 
an informal agreement upon the basis of 
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the discretion of the university concer 
the fellowship stipend may be supp! 
mented by university grants. All 
supplementary sources of income shou! 
be made a matter of record with the 
mittee. The progress of the fellows \ 
be subject to periodic review by the cor 
mittee which reserves the right to can 
fellowships when in their judgment sat: 
factory progress is not being maintained 
Prospective candidates for these fellow 
ships are urged to apply at once ev 
though they may be unable to undertak 
their graduate study in the imme iat 
future. Information concerning thes 
fellowships and Nomination-Applicatio 
blanks are being mailed out widely t 
graduate schools and wartime resear 
laboratories. They may also be obtain 
by writing directly to the Secretary, Con 
mittee on Predoctoral Fellowships, 
tional Research Council, 2101 Constitu 
tion Ave., N. W., Washington 25, D. C 
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Weldability Tests ofiCast Steels 


By Frank S. McKennat and Clarence E. Jackson! 


Abstract 


he great increase in the use of welding in steel foundries has 
necessitated the development of methods for evaluating the weld- 
ability of cast steels. The T-bend and nick-bend tests are recom- 
mended as direct quantitative tests for determining the effect of 
changes in welding technique and heat treatment on the ductility 
of cast steels and for indicating the relative weldability of cast 
steels of any composition. A stress-relief anneal subsequent to 
welding, in general, greatly improves the weld ductility; preheat is 
necessary to prevent under-bead cracking in certain compositions 
of cast steel. 


HE war effort has greatly increased the demand 

for welding in the repair and fabrication of steel 

castings. Before the advent of coated electrodes 
the repair of a casting by welding was usually consid- 
ered bad practice and was only permitted on second 
grade castings; a repaired casting was usually viewed 
with suspicion. It has been a slow process to overcome 
this feeling, but welding techniques have been improved 
so much that for the past few years a casting properly 
repaired by welding is considered satisfactory. At the 
present time the metallic are process is used more widely 
in the steel foundry than any other process. The main 
application has been the repair of defective castings, al- 
though the joining of two or more castings into a larger 
structure known as the “‘cast-weld”’ technique, has found 
increasing favor. The use of composite units fabricated 
by welding cast steel to rolled steel has often expedited 
production. In the past ten years a large number of 
items have been converted from steel castings to welded 
structures in order to relieve bottlenecks in foundry 
production and often the enthusiasm of the welding en 
gineer created a desire to convert nearly all castings to 
weldments. There are, however, a number of engineers 
in both the casting and the welding fields who appreciate 
the economy of composite fabricated structures using a 
combination of castings or of castings and wrought 
plate. The latter is particularly expedient because the 
casting of a flat plate is one of the most troublesome 
problems encountered in the foundry and the fabrication 
of an intricate substructure is uneconomical in the weld- 
ing shop. 

Wellauer has pointed out some interesting production 
comparisons of the mechanical properties of rolled, forged 
and cast steel.' He has shown that for a given hardness 
as a basis of comparison the tensile strengths are iden- 
tical. There is some scatter in the yield strengths al- 
though they compare favorably. The ductility of the 
rolled or forged steels is higher when measured in the 
longitudinal direction; however, the ductility of sound 
cast steel is often superior to that of rolled or forged 
steels when measured in the transverse direction. Other 
metallurgical properties such as hardenability and grain 
size are almost identical. In general, most authorities 
agree that cast steels have the same degree of welda- 
* Presented at 25th Annual Meeting of the AMERICAN WELDING SocreEty, 
Cleveland, Oct. 16-19, 1944. This paper presents only the personal opinions 
of the authors and in no way reflects the official attitude of the U. S. Navy 


Published by permission of Navy Department. 


t Division of Physical Metallurgy, Naval Research Laboratory, Anacostia 
tation, Washington 20, D. C. 
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Fig. 1 on (4 X) 
bility as rolled steels of the same composition and grain 
size. Since castings are usually higher in carbon content 
than wrought steels, and since high carbon affects weld- 
ability adversely it often has been found desirable to 
employ special precautions in the welding of steel castings. 

In order to fully appreciate the mechanism of welding 
a steel casting it is desirable to examine briefly what 
happens in the simplest case of a bead weld on plate 
(Fig. 1). A panoramic photomicrograph through the 
fusion and heat-affected zones of a bead weld is shown 
in Fig. 2. Across the heat-affected zone of the bead 
weld exists a range of heat-treated material. At the 
weld metal-parent metal interface the material has been 
heated to the melting point of the steel and cooled rapidly 
(quenched ) through the austenitic range by the surround- 
ing metal (Fig. 3). The very coarse structure just below 
the weld metal-parent metal interface is in a condition 
typical of overheated steel. The grain growth is great- 
est just below the fusion line and becomes progressively 
less as the maximum temperature attained decreases 
toward As. 

It is to be emphasized that in the heat-affected zone 
of the parent metal adjacent to the weld, the maximum 
temperature attained and the rate of cooling at any 
point determine the final structure produced. The 
further the point is from the fusion line the less its tem- 
perature varies from the ambient temperature. This 
in turn controls those metallurgical effects which depend 
upon the rate of cooling. The use of preheat, postheat 
and multiple bead deposits will affect the structures exist- 
ing in the heat-affected zone only in so far as the thermal 
cycles through which they pass are affected. The im 
portant point to recognize in the effects of welding on 
steel is that the drastic thermal cycle at the fusion line 
produces a hard zone with large grains and low ductility 
(Fig. 4). It is considered that in making a weld joint, 
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Fig. 2—Panorama Through the Fusion Zone of a Weld (50 x) 


the conditions accompanying the first bead usually sub- 
ject the parent metal to the most drastic of thermal and 
metallurgical changes; if the material is capable of with- 
standing the shock of the first bead without damage, a 
successful weld is possible. 

There have been a large number of methods suggested 
for evaluating weldability, many of which have been in- 
direct and only qualitative. The evaluation of the rela- 
tive weldability of steels, either cast or wrought, consists 
of subjecting the material to the temperature cycle 
involved in welding and then evaluating the ductility of 
the resulting structures. The thermal cycle may be ob- 
tained by an actual welding operation and the ductility 
of the resulting weldment determined directly or the 
effect of the welding temperatures may be simulated by 
subjecting test pieces to special heat-treatment routines. 
Indirect methods of evaluating weldability may include 
a microscopic examination of structures, a hardness 
survey across the heat-affected zone, a hardenability 
test, or even physical tests and limits of chemical com- 
positions—chiefly because of the dependence of ductility 
upon these factors. The confusion regarding testing for 
weldability will continue until there is a more general 
understanding that indirect methods can only be quali- 
tative in their evaluation of ductility and that direct 
quantitative measurements using actual welding are 
necessary. 


Statement of Problem 


It is the purpose of this investigation (1) to examine 
some of the factors which affect the weldability of cast 
steels; (2) to check the performance on cast steels of a 
number of the most promising test methods selected 
from the wrought field. 


Materials and Tests Performed 


Steel castings covering a wide range of chemical com- 
positions were used in the tests reported herein (Table 1). 
Weldability tests such as T-bend, nick-bend, under- 
bead cracking and a limited number of tensile tests were 
performed. 
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Properties of Rolled and Cast Steels 


In order to compare the properties of cast and rolled 
steels of the same analysis, two heats were melted and 
five cast plates (*/, in. thickness) and one ingot wer 
poured from each. The ingot was forged and hot rolled 
to '/. in. thickness and the cast plates were shaped to 
in. All plates were normalized and the tensile proper 
ties were determined (Table 2). The yield and tensik 
strengths for the cast and rolled plates are similar. Th 
ductility of the cast steel, however, is considerablh 
lower than that observed for the wrought steel. A! 
though only a limited number of tensile tests are r 
ported in this investigation, these data confirm the con 
clusion of Wellauer.' A few additional tensile results 
for cast steels used in this investigation are also reported 
in Table 2. 


TEMPERATURE 


TIME (SECONDS) 


Fig. 3—Thermal Relations at Fusion Line Under Weld Bead 
3/\-In. Electrode, 175 Amp., 25 V., 6 In. /Min. 
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T-Bend Test for Weldability of Cast Steel 


Tests were performed using the Navy T-bend type 
of specimen? in which a section of a T-weldment is bent 
in a special jig (Fig. 5). The angle to which the speci- 
men bends at maximum load in the T-bend test is an in- 
dication of its ductility. Steels 35, 38 and 39, were cast 
in T-sections and the fillets were either cast integrally 
or added by metallic arc welding. Figure 6 shows both 
types of specimens. The cast fillet specimens were com- 
pared with welded fillet specimens tested as-welded, as- 
normalized, or with a stress-relief anneal treatment 
(Table 3). From these tests it is evident that for all 


conditions of heat treatment the specimens tested in the 


as-welded condition have considerably lower ductility 
than those with the cast fillet. Welding after normaliz- 
ing from 1650° F. improves the specimens tested in the 


Fig. 5—-Bending a T-Bend Specimen 
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Fig. 4 Enlarged Grains in Heat-Affected Zone of a Bead Weld (100 x) 


Table 1—Chemical Composition of Cast Steel Used in This 
Study, Per Cent 


35 0.20 0.63 0.58 O48 

38 0.21 0.71 0.50 Oo4d 

39 0.24 0.36 
326 0.26 0.73 0.018 0.027 0.18 0.09 0.06 —~ 
343 0.31 0.83 0.31 0.022 0.029 0.17 0.28 0.01 0.08 0.06 
436 0.34 1.00 0.58 0.005 0.02% 0.29 0.59 0.26 O.41 0.08 
437 0.42 0,90 0.62 0.010 0,025 O.27 0.22 0,03 0,06 
438 0.33 0.862 0,59 0.020 0.038 0.16 0.25 0.20 0.05 0,02 
439 0.38 0.57 0.62 0.028 0.008 0.60 0.25 0.03 O.47 0.07 
ALO 0.34 0.82 0,62 0.028 O,011 0.54 0.25 0.02 O.b6 0.07 
seed 0.22 0.53 0.45 0.016 0.010 0.55 0.27 0.40 0.48 0,15 
0.19 0.53 0.47 0.017 0.010 0.23 0.28 0.75 0.07 
oa 0.24 0.85 0.45 0.022 0.010 0.21 0.28 0.23 0.75 0.07 
Eooeny 0.38 0.56 0.52 0.022 0.010 0.21 0.29 0.25 0.28 0,05 
445 0.40 0,93 0.47 0.023 0.012 0.17 0.28 O.41 0.07 0.07 
0.24 0.54 0.019 0.00, 0.15 0.27 0.39 0.40 0,03 
447 0.22 0.61 0.47 0.022 0.007 0.21 0.29 0.23 O.0C7 0.0) 
O.42 1.04 0.54 0.015 0.032 0.25 O.0h 
0.28 1.10 0.67 0.015 0.022 0.77 O.21 0,05 
450 0.12 0.16 1.08 0.028 O,008 0.18 1.47 0.03 0.06 
451 0.18 0,58 1.20 0.029 0.005 0.68 1.51 0.03 0.02 0,06 
452 1.15 0.027 0.008 0.20 1.71 0.039 0.0) 0.07 
453 0.17 0.60 1.19 0.025 0.013 0.37 1.49 0.40 0.01 0,05 
455 0.23 O.74 1.15 0.011 0.030 0.19 1.66 0.039 0.23 0.0% 
456 0.33 0.66 1.25 0.012 0.032 1.40 0.49 0.07 
481 0.19 0.§9 0.25 0.007 0.021 <0.0l1 0.14 <0.0 0.08 0,02 
48, 0.32 0.66 0.53 0.006 0,014 <0.01 0,09 «0.01 0.03 0,0) 


Yield Tensile Klongation Reduction 
Strength otrength % in 2* of Area 
Stee) Gage Length Per Cent 

326* 

Cast 51,200 80,700 25 33 

holled - L 53,250 81,900 35 60 

Rolled - T 53,000 82,900 34 53 

Cast 59,400 88, 500 28 36 

Rolled - L 55,750 82,000 35 

Rolled - T 52,100 78,400 32 51 

455 

Normalised & Stress relieved 75,000 96,000 26 hb 

456 

Normalised & Stress relieved 75,500 96,750 15 17 

481 


Normalised & Stress relieved 
Normalized 


Normalised & Stress relieved 
Normalised 


* 0.357" diameter specimens 


CU 
\] 
| 
% | Table 2—Tensile Test Results for Steels Used in This Study 
> 
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Table 3—Weldability Results Using T-Bend Specimens on 


Cast Steels 35, 38 and 39 


Angles at Load Degrees 
_nelded rillet 


Treatment Before Cast As Normalized Stress Relief Anne 

As cast a u 30 53 43 40 
Normalized 1650°P 31 3 36 37 56 50 
Annealed 1550°F 38 23 32 3h 49 50 
Normalised 1650°F 
Stress Relieved 1100 F 66 15 30 59 53 63 
Normalised 1650°F 

Stress Relieved 1200°F 59 28 38 51 53 48 
Normalized 1650°F 

Stress Helieved 1300°F 68 18 39 & 36 42 


# On retest this condition gave 19° 


as-welded condition, but only by a stress-relief treatment 


after welding is the ductility increased to a level com- 
parable with that of the cast fillet. 
obtained to prove whether the bend ductility is satisfac- 
tory when welding is performed on a green casting fol- 
lowed by proper heat treatment. However, residual 
stresses in unheat-treated castings would be even greater 
than for the conditions reported and might be sufficient 
to cause cracking when aggravated by the welding proc- 
ess. 

Although the data obtained in these tests apply only 
to these particular compositions, in general, cast steels 
tested in the as-welded condition will have low ductility 
which can only be regained by a stress-relief anneal treat- 
ment. The T-bend test is a direct method suitable for 
weldability studies of cast steels having various composi- 
tions and heat treatments. 


Bead-Weld Nick-Bend Test 


In the bead-weld nick-bend test* used in this investiga- 
tion, the specimen is prepared as indicated in Fig. 7. 
Strips are cut transverse to a bead weld on a plate and are 
notched parallel to the center line of the weld. The 
notch is prepared with a power hacksaw and stops short 
of the heat-affected zone in order that initial deformation 
will occur in the weld metal and failure will be caused by 
rupture of the low ductility metal in the heat-affected 
zone. The specimen is tested by bending jt as a simple 


FILLET CAST INTEGRAL 


FILLET ADDED BY WELDING 


Fig. 6—-Typical Cast T-Bend Specimens 
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PLATE THICKNESS 


= Ya WIDE BEND SPECIMEN 


ke WIDE MICRO HARONESS SPECiNc, 
qt WIDE BEND SPECIMEN 


0.10" wide saw cut on wotcn 
BELOW SURFACE OF PLAT 


Fig. 7—-Bead-Weld Nick-Bend Test Specimen 


beam with the notch in tension (Fig. 8S). The angle at 
maximum load is used as the index of weldability. 

Eighteen steel heats (435 to 453) were made and th 
metal cast into plates of 5 x 12 x 13/s in. These cas’ 
plates were shaped to | in. thickness, normalized fro 
\700° F., and bead-weld nick-bend specimens prepar 
One group of specimens was welded at room temperatur 
and another group with a 300° F. preheat. All speci 
mens were stress-relief annealed at 1175° F. after welding 
The results of the nick-bend tests are given in Table 
The Brinell hardness of these plates was measured in « 
der to determine the relation of plate hardness to nick 
bend ductility (Table 4); only a general relationshi 
was indicated. However, of the eight harder stecls 
ranging from Bhn. 194 to 231, only one gave a nick-ben 
angle of over 25°. Seven of the ten softer steels rangin: 
from Bhn. 154 to 191 bent to more than 25 

A few extra plates of two of the steels (455 and 45: 
were available for additional nick-bend tests. Two of th 
cast plates were tested in the as-cast condition; the rm 


Table 4—Hardness, Nick-Bend and Cracking Results on |! 


Cast Steels 
Nick-Bend 

Brinell Angle at 

Hardness Maximum Under Bead 
Meer umber = 
Welded with no preheat 
436 231 9 I 

198 19 
445 223 9 I 
164 26 ax 
447 154 37 a 
452 183 
453 200 20 oK 
Welded with 300°F preheat 
438 191 33 «x 
44,0 204, 27 ox 
1% 33 ok 
442 163 33 Ok 
443 1% 27 
1% 20 a 
448 21 a a 
a 
450 163 20 Ok 
451 Ww 2 OK 
<= indicates underdead cracking 
CK indicates mo underbead cracking 
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Fig. 8— Bending a Nick-Bend Specimen 


maiming plates were normalized before welding. Welds 
vere made at various speeds of travel with single or 
louble beads, with or without preheat, and with or 
without a stress-relief anneal (Table 5). Satisfactory 
weld ductility was obtained only after a stress-relief 
inneal subsequent to welding and this was more effective 
for the specimens welded in the normalized condition. 
[wo larger heats of steel (481 and 484) were cast into 
plates of slightly over 1, 1'/2 and 1%/, in. thicknesses. 
Figure 9 shows a typical casting before the risers were re- 
moved. These plates were normalized from 1700° F. and 


shaped from both sides to thicknesses of */s, 1 and 1'/2 


in., respectively. Nick-bend specimens were prepared 
with and without preheat, with and without stress relief, 
ind with electrode travel speeds varying from 4 to 12 in. 
ner minute. These specimens were tested in order to de 


Table 5—Effect of Welding Technique on_Nick-Bend Test 


Results 
As Welded As welded fF 3 s nelie 
No 300°F ho 

Preheat Preheat Preheat 300 _F Preheat 

6"/min. 6"/min, 6"/min. 4"/min. 2"/min. 
Stee tT Trave Trav Travel Travel Travel 
455 
Single Bead 7 24 2 21 
Double Bead 6 3C 
456 
Single Bead 3 4 21 30 17 
Double Bead 27 
Single Bead* 3 9 
481 
1-1/2" ine Sa 56 55 53 
e 50 57 56 55 58 
i/4" 61 63 60 58 58 
1-1/2" BT: 39 46 40 48 
\" 32 48 39 43 48 
3/4" 37 55 54 56 59 


* Welded in the as-cast condition 
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Table 6—Under-Bead Cracking Results on Steels 48] and 484 


Temp. of Welding _ 34" 1" 1-1/2" 
#181 

10°F OK Ok OK 
Room Temperature OK aK OK 

# 

OK m 
Room Temperature OK OK xx 
300°F OK 
XxX - Severe cracking 


XX Moderate cracking 

QK No cracking 

Welding technique - 100 amperes 
25 volts 


8 inches per minute 
1/8 inch electrode AWS E6010 


termine the effect of welding technique on ductility of 
the heat-affected zone (Table 5). 

Steel 481 with a tensile strength slightly below 65,000 
psi. (Table 2) had excellent ductility in all of the bead- 
weld nick-bend tests. Variation of the welding technique 
and subsequent heat treatment had little effect on the 
nick-bend performance for the */, in. specimens; how- 
ever, the stress-relief anneal after welding improved the 
ductility of the thicker specimens. Steel 484 with a ten- 
sile strength of 80,250 psi. (Table 2) had good weld duc 
tility in the stress-relieved condition only. In all thick 
nesses the ductility was considerably lower in the speci 
mens tested in the as-welded condition. Varying the 
speed of travel had no appreciable effect upon the per- 
formance of these specimens in the nick-bend test when 
preheated to 300° F. 


Cracking Under Bead-Welds 


In comparing the mick-bend ductility of specimens 
welded with and without a 300° F. preheat, little differ- 


Fig. 9—Steel Casting Showing Blind Head Riser Technique 
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Fig. 10 Structures Showing Under-Bead Cracking (100 x) 


ence can be noted. There is, however, one consideration 
which is important. An examination of the microstruc- 
ture of the heat-affected zone of these weldments at 100 
diameters showed the presence of a large number of 
under-bead cracks for some of those cast steels welded 
without preheat. In no case with a 300° preheat was 
there any evidence of under-bead cracking. Figure 10 
shows typical under-bead cracks. Since the cracks are 
parallel to the stresses applied in the nick-bend test they 
have little or no effect on the ductility of the bead-weld 
nick-bend specimen. However, the presence of cracks 
along a fusion line is undesirable and cannot be tolerated 
if best results are desired. 

In order to determine the under-bead cracking ten- 
dencies of steels 481 and 484, bead-welds | to 1|!/, in. 
long were deposited with a standard technique on speci- 
mens of each steel in all three thicknesses. The speci- 
mens were precooled to 10° F., preheated to 500° F. or 
welded at room temperature. Transverse sections of 
these weldments were prepared and examined at 100 di- 
ameters for under-bead cracking (Table 6). No cracks 
were observed in steel 481 for any of the thicknesses. 
Severe cracking occurred in the |'/, in. thickness of steel 
184 welded at 10° F. and at room temperature while 
some cracking was observed for the 1 in. specimen welded 
at 10° F. Here again cracking was entirely eliminated 
by the use of a 300° F. preheat. : 


Summary and Conclusions 


There has been a decided need for test methods which 
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employ actual welding and which measure directly the 
effects of welding on the ductility of different composi 
tions of cast steels. From the results of this investig 
tion the following conclusions are presented : 

|. The nick-bend and T-bend weldability tests whic! 
have been found applicable to wrought steels are equalls 
as informative in the cast steel field. 

2. The nick-bend and T-bend weldability tests ar 
suggested as direct tests for determining the effect 0! 
changes in welding technique and heat treatment on cas! 
steels and for the evaluation of the weldability of the 
various compositions of cast steels. 

5. Preheat (300° F.) is necessary to prevent under 
bead cracking in certain heats of cast steel. 

4. A stress-relief anneal treatment subsequent | 
welding will, in general, greatly increase the ductility 0! 
the weldment. 

5. Further investigation will be required in order t 
determine the effects of changes in composition and th 
variations expected for normal production heats in an) 
steel foundry. 

It is realized that the data presented by this investig: 
tion are not sufficient alone to establish weldability tests 
for cast steel; however, these data are supported by 
wide background of tests for weldability of wrought 
steels and many of the pitfalls which have been encour 
tered in that field have been avoided. The use of prope! 
heat treatment and preheat in order to provide satisf« 
tory weld ductility with no under-bead cracking togethet 
with other means of control such as radiography «nc 
proper inspection will do much toward improving tli 
quality of welded castings. 
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JOINT HEARINGS SCHEDULED ON 
SCIENCE BILLS 


In response to President Truman's mes- 
sage to Congress urging the early estab- 
lishment of a Federal Research Agency as 
one of the legislative measures needed for 
the future welfare and security of the Na- 
tion, Senator Harley M. Kilgore (D., W. 
Va.), and Senator Warren G. Magnuson 
D)., Wash.) announced on September 25th 
that joint hearings on several science bills 
then before the Senate would begin 
October Sth. Because of the similarity of 
purpose and related character of the bills 
which have been referred to Senate Mili 
tary Affairs Committee and to the Senate 
Commerce Committee, Senators Kilgore, 
Magnuson and Pepper, heading subcom- 
mittees which are to consider S. 1297 
Kilgore-Johnson-Pepper), S. 1285 (Mag- 
nuson), and §S. 1248 (Fullbright) have 
arranged joint hearings on these measures 
Senator Pepper is in Europe and is ex- 
pected to participate actively in these joint 
hearings upon his return. 

All three bills provide for increased 
Government support of scientific research 
ut have different detail as to the scope of 
research and methods of administration 
fhe hearings are designed to summarize 
xpert public opinion and to develop a 
egislative program with respect to Federal 
upport for research for national security, 
1 rising standard of public health and the 
general welfare 

Senators Kilgore and Magnuson stated 
We are in full accord with the President's 
plea for early adoption of legislation to 
establish a central scientific agency of the 
Government with sufficient funds to en 
ourage and support scientific research for 
the national interest. In order to expedite 
such legislation we have agreed to hold 
joint hearings on the various science bills 
referred to our individual subcommittees 

We also support wholeheartedly the 
President’s decision that until such an 
agency can be established on a full operat- 
ing basis, the Office of Scientific Research 


and Development and the Research 
Board for National Security should con- 
tinue. There must be no gap between war- 
time and peacetime program of research if 
the Nation is to derive full profit in the 
future from what we have learned in the 
past. 

“The atomic bomb has demonstrated, 
perhaps more vividly than any other single 
happening in history, the overwhelming 
importance of science in our national life 
The same skill and scientific know-how 
which helped to bring rapid and decisive 
victory on the war fronts must now be used 
for the purpose of peace and national secur 
ity. By continuing to promote progress of 
science and the useful arts, as the Found- 
ing Fathers so wisely ordered, we shall be 
able to make large strides in improving our 
national health, in making secure our 
national defense, and in promoting pros- 
perity and full employment.”’ 

In his message to Congress, President 
Truman specifically called for a single 
Federal research agency which would per 
form the following functions: 


1. Promote and support fundamental 
research and development pro- 
jects in all matters pertaining to 
the defense and security of the 
Nation 

2. Promote and support research in the 
basic sciences and in the social 
nces 

3. Promote and support research in 
medicine, public health and allied 
fields 

1. Provide financial assistance in the 
form of scholarships and grants 
for young men and women of 
proved scientific ability 

5. Coordinate and control divers 
scientific activities now conducted 
by the several departments and 
agencies of the Federal Govern 
ment 

6. Make fully, freely and publicly 
available to commerce, industry, 
agriculture and academic institu- 
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tions, the fruits of research fi- 
nanced by Federal funds. 


The joint hearings are expected to con- 
tinue three or possibly four weeks. Promi- 
nent scientists, heads of Government 
agencies concerned with research and de- 
velopment, representatives of industry 
and labor, educators and others will be in- 
vited to testify on the need for a national 
program of scientific research. Witnesses 
who have been invited to appear to testify 
in the first week of hearings include 


Dr. Isaiah Bowman, President, Johns 
Hopkins University 

Dr. James Conant, President, Harvard 
University 

Professor Harlow Shapley, Harvard 
University 

Eric Johnston, U. S. Chamber of Com- 
merce 

Ira Mosher, National Association of 
Manufacturers 

William Green, American Federation of 
Labor 

Philip Murray, Congress of Industrial 
Organizations 

Edward O'Neal, Farm Bureau Federa- 
tion 

Charles Goss, National Grang« 

James G. Patton, National Farmers 
Union 

Dr. Vannevar Bush, Office of Scientific 
Research and Development 

Harold D. Smith, Bureau of the Budget 

Robert P. Patterson, War Department 

James \. Forrestal, Navy Department 

Jerome C. Hunsaker, National Advisory 
Committee on Aeronautics 

Henry A, Wallace, Department of Com- 
Merce 

Harold L. Ickes, Department of Interior 


A list covering witnesses for the subse- 
quent weeks is now in preparation. It is 
hoped that all those who wish to express 
themselves on this major legislation will 
forward statements to the Subcommittee 
on War Mobilization of the Senate Mili- 
tary Affairs Committee, or, if time permits, 
appear in personal testimony 
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Notes on the Conditions of Fracture 


of Medium Steel Ship Plates 


By D. F. Windenburg, Ph.D.,* and Captain W. P. Roop, U.S.N.* 


Abstract 


A series of medium-steel tensile specimens each 24 in. long, 12 in. 
wide and 3/, in. thick, with a notch at midlength and midwidth, 
were tested to rupture under static loading at various controlled 
temperatures. It was found that the degree of ductility, as well 
as the mode of rupture, was affected by the temperature. A 
specimen notched with a hacksaw cut broke with a cleavage frac- 
ture at a temperature of 75° F. whereas a similar specimen when 
tested at a temperature of 100° F. broke with a shear rupture. 
The characteristics of the breaks were not altered by the presence 
of sharp fatigue cracks at the ends of the sawcuts. 


Introduction 


ARLIER accounts of the progress of thought at 
the David Taylor Model Basin about the plastic 
behavior of metals have been given in a previous 

report (1,7). Summarizing briefly, it was stated that in 
many applications the capacity for elongation in ship- 
building steel is thought to be more important than its 
strength, and that the elongation, even in steel ordinarily 
quite ductile, may drop to extremely small values when 
the history, f geometry and temperature of the specimen, 
and the speed of the load application, or rate of strain, 
fall within certain limits. The main purpose of continued 
work at the Taylor Model Basin is to find certain of these 
limits as they apply to the distinction between cleavage 
and shear modes of parting. 

In the present report the following arbitrary terminol- 
ogy is used.§ A plate is said to be brittle if the plastic 
reduction in thickness does not exceed 2°; at the frac- 
tured surface; otherwise it is said to be ductile. The 
break is called a cleavage fracture if the parted surfaces 
are perpendicular to the plane of the plate. Thus it is 
possible to have either a brittle or a ductile cleavage 
fracture depending upon the amount of plastic elongation 
in way of the notch prior to rupture. If the parted sur- 
faces are inclined to the plane of the plate, the break is 
called a shear rupture. 


General Considerations 


The exploration of the effects of variation of the four 
parameters mentioned, i.e., history, geometry, tempera- 
ture and speed of loading, even when it is limited to the 
simple determination of whether fracture is by cleavage 
or shear, is still an immense task. One way to break 
this task down is to maintain one parameter, say the rate 


* Navy Department, David Taylor Model Basin, Washington, D. C. 

+ Numbers in parentheses indicate references at end of this report. 

t By history is meant the chemical, metallurgical and mechanical treatment 
of the metal up to the time of the test. By geometry is meant the configura- 
tion of the specimen, such as the over-all dimensions and the size, shape and 
location of the notch. 

§ This terminology has already been accepted by the various agencies work- 
ing under the Bureau of Ships of the Navy Department, the U. S. Coast Guard, 
and the National Defense Research Committee for current studies of the struc- 
tures and the materials of welded merchant vessels 


of strain, approximately constant, and to vary the othe: 
three while attention is focused upon them. In curren! 
work at the Taylor Model Basin this is being done. Ti 


average strain rate in all tests is of the order of 10~' 


and the history, geometry and temperature are varied 

The complexity of the problem, which involves tly 
plastic behavior of metals, is very great; the best trea‘ 
ment of the subject in brief form is given by Gensamie: 
(2). A systematic attack on this whole problem need: 
the collaboration of many agencies. Several of these ar 
already working directly gn the plastic behavior of sli 
steel, and others are active in closely related lines. 
central office is needed to receive, digest and promptl 
make known to all of the agencies concerned the plans 
progress and test results of each of these agencies as the) 
relate to the subject. From such a service of informa 
tion, a general agreement on the main elements of thy 
problem and methods of attack might be expected 

In the meantime most of the work now underway ai 
the different agencies still has the character of reco 
naissance. Such is the nature of the tests deseribed | 
the present report. 


Test Specimens and Procedure 


The present series consisted of eight test specimens 
The specimens were cut from medium steel plating 
in. thick with the length of the specimens parallel to tl 
direction of rolling; they were 24 in. long and 12 in. wick 

The specimens were designed and tested to show tli 
effect of certain variables on the type of fracture. Thu 
variables were: (1) three degrees of sharpness of tli 
notch; (2) temperature; (3) history, such as strain aging 
in the region of the notch, and local heating and quench 
ing of the plate in the region of the notch. 

All of the specimens were notched at midlength and 
midwidth. Data on the form of the specimens are giver 
in the sketch, Fig. 1. Three of them, Specimens 115, 
and 115, each had a notch consisting of a simple circular 
hole 2.4 in. in diameter. The remaining width in way « 
the notch was thus 9.6 in.; the net area was 7.2 sq. in. 

The other five specimens had approximately the sami 
net area in way of the notch, but they had a different ty} 
of notch. In these specimens the notches were formed 
by drilling a hole */, in. in diameter and then making 4 
hacksaw cut '*/;, in. long from each side of the hole on 
the diameter perpendicular to the long edge of the plat: 
In two of these specimens, 116 and 117, shallow fatigu 
cracks were induced at the ends of the sawcuts by cye!! 
loading in the alternating-load testing machine. 1 
the notches in these two specimens had the same shat 
ness as natural cracks. The additional length of each 
these cracks was about */ in. 

Without systematic investigation of the effects 
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history, two of the notched specimens were given treat- 
ment affecting their history. Specimen 114 was heated 
locally with a torch played on the inner surface of the 
hole and then quenched by immersion in water. Al- 
though it is realized that the plate was of low-carbon 
steel and therefore would not be greatly affected by such 
treatment, the treatment was considered significant since 
it is similar to that sometimes used in shrinking and 
straightening operations in shipbuilding. 

Specimen 112 was cold-worked mechanically with a 
severity not unlike that encountered in the fabrication 
of ship hulls. After the plate was notched, it was bent 
lengthwise as a beam until it took a permanent bow of 
bout 1 in. by a load applied through a fulerum of about 
‘/. in, radius, placed transversely at midlength. It was 
then turned over and bent out of flat the same amount 
in the opposite direction. It was finally straightened 
to its original flatness. The strain aging resulting from 
this operation was expedited by heating at about 200 
F. for 2 hr. 

The surfaces of the specimens were ruled with longi- 
tudinal and transverse lines, as shown in the photo- 
graphs following, to give a visual indication of the strain 
pattern as plastic deformation took place. 

After the specimens were prepared for testing, the re 
maiming variable was the temperature at which the speci 
mens were tested. The main point of interest in these 
tests was the nature of the fracture, i.e., whether the 
plates ruptured in the cleavage or the shear mode. It 
was desired to so choose the temperatures at which the 
different tests were conducted that some of the speci- 
mens of each group would break in the shear mode and 
others in the cleavage mode. ‘Thus the temperature at 
Which the transition from shear to cleavage rupture 
occurred would be bracketed within a certain tempera- 
ture range. This was not always accomplished because 
of the limited number of specimens of each type available 
lor test. 


Test Results 


The results of the tests are summarized in Table 1. 


1945 FRACTURE OF SHIP PLATES 


Fig. 1—Form of Tensile Test Specimens 


All specimens were 24 in. long. Specimens 113, 114 
contained a hole 2.4 in. in diameter. Each of the other speci 
contained a hole */, in. in diameter with a hacksaw cut on either 
side which brought the total width of the notch to 2%/, in. In 
Specimens 116 and 117 fatigue cracks about °/.. in. lona were de- 
veloped at the end of each sawcut before testing. 


Specimen 110 was tested at a temperature of 75° F. 
It broke with a ductile cleavage fracture as can be seen 
from the photograph, Fig. 5. 

Specimen 111, which was similar to Specimen 110, was 
tested at a temperature of 100° F. It broke with a duc 
tile shear rupture as shown in Fig. 4. 

Specimen 112 was similar to Specimen 111 except that 
it was cold-worked mechanically and strain-aged as de 
scribed in the preceding section. When tested at a 
temperature of 100° F., it broke with a cleavage fracture 

Specimen 113 contained a hole 2.4 in. in diameter. 
When tested at a temperature between SO and 90° F. it 
failed with a ductile shear rupture as shown in Fig. 5. 

Specimen 114 was identical with Specimen 115 ex- 
cept that it was heated and quenched as described 1n the 
preceding section. It was tested at a temperature of 
72 F. This specimen exhibited a large amount of 
plastic elongation before cracking, which started as a 
ductile shear rupture and then shifted to 
fracture, as may be seen in Fig. 6. 

Specimen 115 was identical with Specimen 115. It 
was tested at a temperature of 75° F.; rupture was 1n the 
shear mode. 

Specimen 116 was similar to Specimen 110 except that 
it contained shallow fatigue cracks at the ends of the saw 


i cleav 


cuts. When tested at a temperature of 70° F. it broke 
with a cleavage fracture. 
Specimen 117 was identical with Specimen When 


tested at a temperature of 100° F. it broke with a shear 
rupture. 

A representative true-stress-strain curve obtained from 
the test data on three standard 0.505-in. round tensile 
test specimens machined from the plate from which the 


specimens were cut is given in Fig. 2. 


Discussion of Test Results 


Although observations of the mode of rupture under 
different test conditions were the main object of these 
tests, they actually give much more information. Much 
can be learned from the photographs, Figs. 3 to 6. For 
example, the ductile cleavage fracture of Specimen 110 
which was tested at a temperature of 75° F. is shown in 
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Fig. 3. Figure 3 (c) shows the square break, the granular 
surface and the herringbone or chevron pattern char- 
acteristic of cleavage fractures. 

It is to be noted that the form of the grid lines after 
rupture, as shown in Fig. 3 (b), indicates little evidence 
of permanent deformation except in the immediate 
vicinity of the ends of the slot. The sawcut has increased 
to several times its initial width and the grid lines at the 
ends of the cut show considerable local deformation. 
At the left end of the notch there is a distinct dimple 
which indicates localized decrease in thickness. It is 
clear that before the cleavage fracture started high values 
of plastic strain existed at this point; their effect on 
elongation is small, however, because the area of high 
strain is extremely localized. 

At the right end of the slot, Fig. 3 (6), a rather curious 
feature appears. It will be observed that whereas the 
left end of the slot opened because of plastic flow at its 
end, the right end opened by parting of the plating. The 
nature of this fracture is shown in Fig. 3 (c). It has the 
appearance of a thumb print in the metal itself on both 
halves of the ruptured specimen. The region inside the 
print probably broke first with a cleavage fracture, with 
the point of initial fracture at mid-thickness about '/s 
in. from the end of the sawcut. The cleavage fracture 
next spread over the entire area inside the print but the 
small area at the edge of the print remained ductile and 
elongated appreciably before final fracture of the remain- 
ing section. In fact, it was possible to insert a thin knife 


blade into the print from the end of the slot for a con- 
siderable distance before there was any visible opening 
in the side of the plate. 

The feature just described has been observed fre. 
quently in other tests. The parting apparently starts 
inside the plate and extends over an appreciable area 
before it can be seen from the surface. However, the 
presence of the internal crack is disclosed by local plastic 
flow in the surface. 

As previously mentioned, the fracture of Specimen | |() 
was apparently initiated at mid-thickness about !/¢ in. 
from the end of the slot. A close study of Fig. 3 (c) re 
veals a small area at each end of the slot, resembling the 
half-moon of a fingernail. It is toward this area that 
the chevrons converge. Consequently, the rim of this 
area is considered to be the origin of the fracture. 

The fracture occurred in two abrupt stages. At an 
average stress on the net area of 42 kipsi* there was a 
sudden fracture which extended through most of the 
thumb print, accompanied by considerable noise. This 
fracture caused the load to fall off about 3°. When 
the load was reapplied the average stress on the remain 
ing net section had to be increased to 47 kipsi before 
complete rupture occurred. Had the testing machine 
contained a greater amount of stored-up energy, it is 
probable that parting would have been complete at the 
first rupture. A characteristic of most testing machines 


* The abbreviation kipsi is used to designate thousands of pounds per square 
inch 


Table 1—Result of Static Tension Tests of Medium Steel Plate 
The tests were made to study the effect of temperature and of the sharpness of the notch on the type of fracture 


Width of Hole|Temperature|Maximum; Stress at t 
Specimen} and Notch degrees Load |Maximum Load| Fracture Remarks 
. inches fahrenheit kips kipsitt 
« Cleavage fracture 1 1/8 inch.long at 
2 3/5 Notch 302 kips load followed by complete 
no 3/4 Hole 75% 305 42.0 Cleavage cleavage fracture at a load of 303 
kips. 
2 3/5 Notch Crack visible at surface at a load 
111 3/4 Hole 100 341 47.3 Shear of 330 kips. 
2 3/8 Notch Plate strain-aged by bending and 
112 3/4 Hole 100 358 49.5 Cleavage heating. 
113 2.4 Hole 85t 435 60.5 Shear |Normal shear rupture. 
Cleavage fracture when increasing 
Shear jload to 329 kips after the shear 
114 2.4 Hole* 454 63.0 then j|cracks had progressed 2 1/4 inches 
Cleavage jat the left side of the hole and 
3/4 inch at the right side. 
115 2.4 Hole 75? 421 58.5 Shear Normal shear rupture. 
Short initial cleavage fracture at 
116 278 39.5  |Cleavageleach end of slot at a load of 261 
kips (37 kipsi). 
n7 (|? ge 100 330 46.9 Shear |Normal shear rupture. 
* The periphery of the hole in Specimen 114 was heated to above the critical temperature and 
quenched in water. 
** In Specimens 116 and 117 a fatigue crack 3/32 inch long was started at each end of the sawcut to 
determine the effect of a very sharp notch compared to that of the sawcut notch of Specimens 110 
and 111. 
+ he reduced temperature for Specimens 113, 114, 115, and 116 was obtained by cooling with ice; 
Specimen 110 was tested on a cool day at a temperature of 75 degrees. In nearly all of these tests 
the temperature around the notch increased because of plastic straining. 
tt The abbreviation kipsi is used to designate thousands of pounds per square inch. 
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reached its maximum value of 341 
kips, resulting in an average stress 
on the net section of 47.3 kipsi. As 
110 load was reapplied to the specimen, 
the crack progressed slowly across 
the plate toward either edge. The 
100 test was discontinued at the stage 
shown in Fig. 4 (d) where the nomi- 
a nal stress on the remaining section 
= $0 had risen to about 56 kipsi 
The oblique fracture suriace is 
characteristic of the ductile shear 
| method of rupture However, it 
= should be pointed out that since the 
70 _| notch is cut square across the plate, 
2 Specimen A the surface of parting tirst starts 1n 
Specimen B the plane of the notch and then 
60 © Specimen | shifts to the oblique configuration. 
| ] Although it cannot be seen in the 
| | | | photograph, the small area of initial 
| | | moons of Fig. 5 (¢ 
| | | | _ The rise of the average true stress 
Ao progresses across the plate is the re 
Logarithmic Strain, € = log -_ sult of strain hardening The rela 
(a) Data Plotted on Rectangular Coordinates tion existing between the true stress 
200 and the natural strain of the material 
: | & Specimen a| | | | | | throughout the plastic range to rup 
- Specimen | + ture is shown in Fig. 2. The fact 
| | © Specimen C | | | | | | that large increases of strain in the 
| plastic region cause only relatively 
— small increases in stress indicates 
| 1 that the stress on the unbroken se 
a tion is essentially uniform 
= an | Specimen failed in a mode 
almost identical to that of Specimen 
$ —— 110 even though it was tested at a 
re temperature of 100° F. The moder 
. ate strain aging was sufficient to 
change the mode of rupture from 
20|_ | the ductile shear mode as observed 
0.0! 0.02 0.05 0.1 — in Specimen 111, tested at the same 


Logarithmic Strain, € = log <2 


(b) Data Plotted on Log-Log Coordinates 


Fig. 2—-True Stress-Strain Curve for the Medium Stee! of the Specimens Described 


in This Report 
TI 


temperature, to a ductile cleavage 
fracture. 

Of the five remaining specimens, 
the notches of three consisted merely 
of holes 2.4 in. in diameter, whereas 


The experiment il points may be represented by the analytical expression « = 108 «°-22 the other two models, Specimens 
the nearityv f the dat ir bh) he ne of the line i and th, * 
hatchet ant by th linea “— he data in (b). The slo} t the line is V.. th 116 and 117, were similar to Speci 
intercept ate = 1.0is 108. In this plot is the true stress and « ¥Ao/A is tl I om 
mens 110, 111, and 112 except that 
It should be noted that as the logarithmic strain approache the experimental very sharp, natural cracks about * 


points lie above the straight line drawn. 


* The abbreviation kipsi is used to designate thousands of pounds per square inch 


is that a sudden increase in elongation of the specimen 
reduces the applied load; in a ship structure the load is 
rarely decreased by a partial fracture and thus the stress 
on the unfractured section, instead of falling off, is ac- 
tually increased in proportion as the area is decreased. 
As previously mentioned, the only difference between 
the test conditions for Specimens 110 and 111 was in the 
temperature. Specimen 110 was tested at 75° F. 
whereas Specimen 111, which was identical, was tested 
at 100° F. Specimen 111 failed with a ductile shear frac- 
ture as shown in Fig. 4. In Fig. 4 (a) a moderate elonga- 
tion has already occurred. Figure 4 (6) shows additional 
elongation and dimples similar to those in Fig. 3 (b), but 
so far without rupture. The average stress at this stage 
was 46 kipsi. Tearing began at a slightly increased load, 
aS may be seen in Fig. 4 (c). At this stage the load 
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in. long were started at each end of 

the sawcuts by repeated reversals of 

load. 
The greater acuity of the notches in Specimens | 16 and 
117 caused no perceptible change in the mode of fracture 
as compared with Specimens 110 and 111. Specimen 
116 which was tested at approximately the same tempera 
ture as Specimen 110 failed with a ductile cleavage frac 
ture. The average stress on the net section was 39.5 
kipsi as compared to 42 kipsi for specimen 110. Speci 
men 117 which was tested at the same temperature as 
Specimen 111 failed with a ductile shear fracture. The 
average stress on the net section was 46.9 kipsi as com 
pared to 47.3 kipsi for Specimen 111. These small 
differences in maximum stress at rupture are considered 
not significant. Consequently, the results of these four 
tests show no significant difference between the behavior 
of the specimens notched with a saweut and those 
notched with a natural crack. 
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(a)—The Notch and Rectangular Grid Before Elongation (b)—-The Separated Parts Rejoined After Frac 


Fig. 3—-Specimen 110 Before and After Ductile 
Fracture 


This specimen was tested at a temperature of 75 


recesseca 


(c)—The Two Faces of the Fracture Surface 


nation is from above on the right; the oval are< 


Cleavage 


are both 


It should be emphasized that these results are very temperature band representing the transition range be 
meager and cannot be considered as conclusive. For tween cleavage fracture and shear rupture. Presum 


example, it is well established (3) that in impact testing ably the present tests were made in or near 


this transi 


there is a wide scatter in energy values in the narrow tion temperature and fairly wide scatter of results is to 


(a) An Early Stage of Elongation (b) Intense Local Strain at Ends of Notch 


(c) Sheat Ruptures Begins. Load Reaches Maximum (d) Specimen After Rupture 


The surface of rupture is on a shear plane about 45° to the 


direction of loading. 
Fig. 4—Specimen 111 Before and After Ductile Shear Rupture 
This specimen was tested at a temperature of 100° F. 
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(a) Before Elongation 


(c)—After Complete Rupture 


be expected. The fact that the results are so consistent 
may be entirely accidental and due to the small number 
of tests. 

Of the three specimens containing drilled holes, 
Specimens 113 and 115 were tested in the as-rolled 
condition at temperatures of 85 and 75° F., respectively, 
whereas Specimen 114 was heated and quenched on the 
face of the hole as previously described, and tested at a 
temperature of 75° F. 

Specimen 113, tested at a temperature of 85° F., was 
very ductile, failing in a shear rupture. It will be ob- 
served from the photograph, Fig. 5, that this particular 
type of notch permits the material to deform in a ductile 
manner with little restraint. Figure 5 (6) shows con- 
siderable necking at the edges of the plate. However, 
because of the deformation of the hole, the material 
in way of the hole is not restrained appreciably in the 
transverse direction and its behavior is similar to that of 
material in a simple tensile test. 

The maximum load reached corresponded to an aver- 
age nominal stress on the net section of about 60.5 kipsi. 
This is approximately the same tensile strength as ob- 
tained from a standard tensile specimen and indicates 
that the presence of such a hole in a plate has little effect 
on the average stress at which rupture occurs. 

Specimen 115, identical with Specimen 113, was 
tested at a temperature of 75° F., and likewise failed 
with a ductile shear fracture after considerable elonga- 
tion. The maximum average stress‘on the net section 
was 58.5 kipsi as compared to 60.5 kipsi for Specimen 
113. This small difference in ultimate strength of the 
two specimens is considered not significant. 

Specimen 114, similar to Specimen 115 except for the 
heating anc quenching just mentioned, was tested at the 
Same temperature as Specimen 115. The deformation 
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(b) Rupture at the Sides of the | 


Fig. 5—Specimen 113 Before and After Ductile Shear Rupture 


This specimen was tested at a temperature of 85 


of this specimen during test is shown in Fig. 6. It will 
be observed that after a considerable amount of plastic 
elongation a shear rupture started at each side of the 
hole. The average stress at maximum load, just prior to 
the rupture shown in Fig. 6 (c), was 75 kipsi. Although 
this particular specimen carried the highest load of any 
of the three specimens with circular holes, the fact is 
considered not significant. The maximum spread in the 
ralues of ultimate strength from the mean value is less 
than 4%. Such a spread might well occur had the three 
specimens been tested under identical test conditions. It 
is believed that the zoned appearance around the hole, 
Figs. 6 (), 6 (c) and 6 (d), is not of any particular signifi- 
cance, but that it resulted from the angle of lighting 
and from uneven condensation of moisture on the cooled 
surface. 


Discussion of Test Program 


Again it should be emphasized that the tests of the 


present series were qualitative only. The main in- 
formation sought was to determine how the type of rup- 

6 
ture was affected by temperature. This information 


was obtained on a very small number of specimens. It 
is dangerous to generalize on the results of such a small 
number of tests, and especially to try to read significance 
into the minor features of the tests, such as the shape of 
the notch during successive stages of the test, the maxi 
mum load at rupture and the mean stress on the net 
section at any given stage of the test. 

The present tests have indicated that the tensile test- 
ing of notched plates can yield significant information 
on the probable performance of the material in service in 
the presence of unavoidable stress raisers in the form of 
welding cracks, structural discontinuities and the like. 
They show promise of supplementing or possibly even 
surpassing the usefulness of standard Charpy impact 
tests in the selection of material suitable for construction 
where energy absorption is involved. 

Future tests should be so controlled that they will 
yield more significant data. For example, the rate of 
application of load should be under control so that it can 
be made constant for any series of tests. The tempera 
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ture should likewise be well under control. If the tests 
are to be conducted under static conditions, the load 
should be applied so that the temperature remains 
essentially constant during the test. The actual tem- 
perature of the specimen within the immediate vicinity 
of the notch can be determined by the use of thermo- 
couples secured to the plate and insulated from the cool- 
ant. This temperature can readily be controlled to 
within 1 or 2° F. which should be sufficient for tests of 
this type. 

If the tests are to yield results that can be correlated 
with the results of impact tests, energy absorption should 
be measured. Total energy absorption can be readily 
obtained from a plot of total elongation against load. 
The significance of total energy absorption is rather 
doubtiuk The local energy absorption at the root of the 
notch is much more significant, but in many cases this 
may be only a small portion of the total energy absorbed. 

Measurement of the distortion of a photographically 
applied grid of closely spaced lines appears at present to 
offer the best means of evaluating these local energy 
values. If an accurate evaluation of the energy absorp- 
tion at the end of the notch can be made, there is a possi- 
bility that in general the failures starting at notches can 
be correlated and explained. 


Suggested Method of Analysis 


The strain grid for Specimen 113 shown in Fig. 5 (0) is 
reproduced to an enlarged scale in Fig. 7. It will be ob- 


served that the grid lines, which were originally straight 
and parallel to either the x- or y-axis, have become dis. 
torted. If the separation of the various lines is meas. 
ured and compared with the original spacing of the lines, 
the distribution of the principal strains in the vicinity 
of the hole can be estimated. From these data and the 
stress-strain curve of Fig. 2, the distribution of the octa- 
hedral shearing stress and the enesgy absorbed per unit 
volume in any given region can be obtained. It is 
also sometimes possible to obtain these same values by 
determinations of the change of thickness in any given 
region. 

A method of applying grids by photographic processes 
has been used satisfactorily on aluminum sheets and 
steel tubes. This technique is being investigated for 
use in connection with future tests at the Taylor 
Model Basin and elsewhere. 

It is of interest to note that the stress-strain curve can 
be represented by a very simple analytical expression of 
the form o = ke" up to true strains of about | (4). 
Within the range of strains encountered in the rupture of 
ship plating, this expression is suitable for analytical 
work. The exponent 7 is the true strain at which neck 
ing begins. 


Conclusions 


The results of the present series of tests are qualitative 
only. They show that for the medium steel specimens 
used in these tests: 


(c) Partial Rupture in Shear Mode 


(d) Parting Changed to Cleavage Mo 


Fig. 6—Cleavage Fracture Preceded by Initial Shear Rupture in lta 114 


This specimen was tested at a temperature of 75° F. The mottled appearance around the hole is due to drops 
The thermometer used to gage the temperature was attached to the specimen, as shown 


of water on the plate. 
in (a), by scotch tape. 
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Fig. 7—-Pattern of Strain Distribution, Specimen 113 
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ture. The rectangular grid prior to strain is shown in Fig 


l. A ductile cleavage fracture is obtained in notched 5. Report of 


plates at a temperature of 75° F., whereas a ductile shear 
rupture is obtained at a temperature of 100° F. A simi 
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1 approaches the limit which will be accepted by the material before 


Investigation of Charpy Impact Re 


4 
JouRNAL, 24 (4), Research Suppl 


lar specimen strain-aged by bending 
and heating gave a ductile cleavage 
rupture at a temperature of 100” F. 

2. The use of natural fatigue 
cracks instead of saweuts did notaffect 
the type of fracture. 

3. Circular notches caused ductile 
shear ruptures at temperatures of 75 
and 85° F. 


Recommendations 


In all future tests it 1s recom 
mended that 


(1) the rate of loading be accur 
ately controlled, 

2) the temperature in way of the 
notch be held constant, 

4) the total energy be determined 
by noting the loads and 
corresponding total elonga 
tions, 

(4) the reduction of thickness as a 
function of the distance from 
the fractured surface be de 
termined, 

») the strain distribution in way 
of the notch be determined 
by the use of grid lines 
closely and accurately spaced. 
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Some Causes of Brittle Failures in 


Welded Mild Steel Structures 


By H. E. Kennedy’ 


Introduction 


HE object of this paper is to report the results of a 

series of experiments related to the “‘brittle’’ fail- 

ures which occur in welded mild steel structures. 
The experiments reported herein were performed as part 
of a study of the general problem of brittle failures. It 
was found that the following factors influenced the 
cracking of welded steel plates: 


1. Temperature 

2. Welding stresses 

3. Heat treatment after welding 
Preheating 

5. Thickness 

6. Mechanical discontinuities 


7. Welding voltage 
S. Geometry 
9. Methods of loading 


Some measurements were made of the rate of propaga- 
tion of a crack traveling across a plate. 


The experiments are described in approximately the 
same order in which they were conducted. Before pro- 
ceeding with a description of the experiments, a brief re- 
view will be given of the mechanism whereby welding 
stresses arise because such stresses are often considered 
to have an important effect in causing “‘brittle’’ frac- 
tures. Two types of stresses may develop during weld- 
ing. For convenience these stresses will be called ‘‘resi- 
dual” stress and “‘reaction’’ stress. The term residual 
stress is used to describe the type of stress produced when 
two free plates are butt welded together. After cooling 
to atmospheric temperature, the weld and adjacent 
metal exist in a state of tension, the maximum tensile 
stress being iri the weld. The remainder of the plate is 
in a mild state of compression. These so-called ‘“‘resi- 
dual” stresses can arise from two causes. The first is the 
shrinking of the weld metal during cooling. The hot 
weld metal deposited in the groove between the two rela- 
tively cold plates occupies a space as long as the plates. 
During cooling, the weld metal shortens by thermal 
contraction. The weld deposit cannot freely contract 
because it is attached to the plate. Consequently, it is 
forced to remain longer than it would if it could contract 
freely. Thus a state of tension is developed in the weld 
deposit. 

The second and undoubtedly the more important 
cause of the tensile stress is the upsetting of the edges of 
the plates during welding by the heat. Upsetting causes 
an increase in the thickness of the plate and a consequent 
shortening of its length. Whenever the edge of a plate 
is heated and the remainder of the plate is kept cool, the 


* Presented at May 28, 1945 Meeting, San Francisco Section, A.W.S. 
t Research Engineer, Albany, Calif. 


edge tries to expand lengthwise. It cannot do so freely 
because of the restraint imposed by the cold portions of 
the plate. The heated edge is thus caused to entertain a 
compressive stress and the cold portion of the plate is 
forced into a state of tension. During the heating, the 
compressive stress becomes so high that plastic flow oc- 
curs and the thickness increases. Since the volume of 
the material must remain constant, the permanent in 
crease in thickness must be compensated for by a perma 
nent decrease in length when the edge again cools t: 
normal temperature. The change in length of the edge 
is resisted by the remainder of the plate, to which it is 
attached. The edge is thus forced to occupy a greater 
length than it would if it were freed from the remainder 
of the plate and must therefore exist in a state of tension 
at normal temperature. The heat arising from the join 
ing of two plates by means of a weld causes upsetting in 
the adjacent portions of the plates, thus causing residual! 
stresses to exist in the welded structure. 

An understanding of the mechanism whereby welding 
stresses develop is helpful in understanding how such 
stresses relate to failures. Also,,such an understanding 
enables one to see how an essentially identical stress pat 
tern can be developed in a plate without any welding 
whatever. To produce such a stress without welding, it 
is only necessary to heat rapidly a strip along the center 
portion of a plate. Sufficient heat can be applied in this 
manner to cause upsetting of the plate with the cons 
quent development of residual tensile stresses in tli 
heated strip. If the temperature due to this heating 
does not exceed the critical temperature, the stress ce- 
veloped will equal the yield value of the plate. If it ex- 
ceeds the critical temperature, the stress may be higher 
due to the increased yield value as the result of quench 
ing by the unheated portion of the plate. A similar 
stress pattern would be produced by any mechanism 
which would cause upsetting of a narrow strip in a rela 
tively wide plate. It is not difficult to imagine that this 
could be done purely by mechanical means involving no 
heating whatsoever. ‘Residual’ weldit.g stresses are 
no different in nature or effect than any other internal 
stress (i.e., a stress not caused by an externally applied 
load). 

The so-called ‘‘reaction’”’ stress arises in a somewhat 
different manner, although it, too, is caused by welding. 
An understanding of the meaning of this term can be 
acquired through a study of an example. A “Reaction 
stress is produced when a panel is welded in a frame as 
shown in Fig. 1. The panel to be welded into the window 
is made slightly shorter than the length of the opening 
into which it is to be welded. One end is then welded. 
The heat from the welding flows into the panel, causing 1t 
to expand and more nearly fill the space in the window. 
While the panel is still hot, the other end is welded in 
place. During the subsequent cooling, the panel tends 
to contract. The stiff frame prevents the panel from 
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Fig. 1—-Frame Used for Breaking Plates with Reaction Stress 


contracting freely so that tensile stresses are developed 
in the panel which are balanced by compressive stresses 
in the frame. The magnitude of stress in panels thus 
prepared was experimentally established as being at the 
yield point of the panel material. The stress was 
measured in a panel without the central hole shown in 
Fig. 1, by means of resistance wire strain gages cemented 
to the welded panel. The reaction stress was relaxed for 
measurement by sawing the panel in two. The meas 
ured strain indicated that the stress was 35,000 psi., the 
yield strength of the mild steel used for the panel. 

It is obvious that “‘reaction’’ stresses may result from 
welding. However, exactly the same stress may be 
developed in a similar panel without welding. If the 
panel were longer than the window in the frame, holes 
for bolts or rivets could be drilled through the panel and 
frame. The holes in the panel could be spaced so that 
the bolts could be inserted through both the panel and 
the frame only when the panel was hot and the frame 
cold. The assembly could only be made with the panel 
hot; consequently, tensile stresses would develop in the 
panel during cooling. Such “‘reaction”’ stresses are com- 
mon and often are deliberately produced; for example, 
the familiar shrink fit used for fastening a wheel to a 
shaft employs the same principle as that governing the 
development of “‘reaction”’ stresses by welding. Weld 
ing is thus only one means for producing a “‘reaction” 
stress. The stress thus produced is in no sense different 
from any other stress of the same magnitude, nor is it 
any more likely to decrease with time than is the stress in 
i shrink fit. 

The strain energy in the assembly shown in Fig. 1 ob- 
viously depends upon the length of the panel. A panel 
twice as long and at the same stress level would have 
twice the potential energy. Nearly all of the energy in 
the system due to a reaction stress is released when the 
panel is cut across or broken. The amount of energy 
released depends directly upon the length of the panel, or, 
in other words, upon the volume of material stressed. 
The potential energy due to a “‘residual’’ stress is, how- 
ever, not so simply released, because the tension and 
compression zones are tied together. A weld 20 ft. long 
will have twice the energy of a weld 10 ft. long. Trans- 
verse cuts across the centers of both welds would release 
exactly the same amount of energy from each weld. 
The amount of energy released by a transverse cut or 
fracture is independent of the length.* This was deter- 


* This is only true for welds whose length exceeds 36 in. 
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Resistance 
strain gages were placed along the center line of a long 


mined by means of a simple experiment. 


weld. The plate was then cut perpendicular to the 
weld. The stress was completely relaxed at the cut and 
partially relaxed for a distance of 9 in. on each side of the 
cut. Beyond 9 in. the stress was unaffected by the cut- 
ting of the plate. The total energy released (approxi- 
mately 60 ft.-lb. for a 1-in. thick plate having a tension 
zone § in. wide) was only a small portion of the total 
energy stored in the entire weld. The amount of energy 
thus liberated is insufficient to cause a crack to propagate 
for more than a few feet into the plates adjacent to the 
weld. This is true regardless of the length of the weld. 
The potential energy stored in the weld is not ordinarily 
available to do work. It is like a clock spring immersed 
in glue, wound up and the glue allowed to harden. The 
strain energy stored in the clock spring cannot then be 
released. 

Residual and reaction stresses may contribute to the 
failure of brittle materials because such substances frac- 
ture with little or no plastic deformation. In such cases 
the strain due to residual stress is an important part of 
the total strain causing rupture. Welding stresses are 
not likely to cause fractures in ductile materials or even 
relatively brittle ones where the elongation at fracture is 
of the order of a few per cent. The total available dis- 
placement which a residual or reaction stress can produce 
is very small because it is supplied by the relief of the 
elastic strains in the system. 


Equipment and Results 


The steel used in all of the experiments was ordinary 
ship-plate quality containing approximately 0.2% carbon 
and of the semikilled class. No attempt was made to 
correlate the chemistry or metallurgy of the plates with 
the results. About twelve large plates (approximately 
x 10 ft. and 1/2 or */,in. thick) were cut up for samples. 
Check tests were conducted on small pieces to determine 
the relative behavior of the plates. All but a few of the 
plates were found to behave alike. Comparative tests 
were conducted only on samples cut from the same plate, 
even though good agreement was found between samples 
from different plates. Several types of specimens were 
used and these will be described in detail in the discus- 
sion of the individual tests. 


Reaction Stress Experiments 


The first series of experiments was conducted to ascer- 
tain the effect of a reaction stress on fracture. A window 
was cut in a plate as indicated in Fig. 1. Into this 
window were welded panels of various thicknesses con- 
taining different types of stress raisers. After welding, 
each panel was cooled with dry ice. If the intensity of 
the stress at the discontinuity was sufficient, the panel 
fractured during the cooling. A plate without notches 
was also welded into the opening. It could not be 
broken by ‘the lowest temperature attainable with dry 
ice (approximately —60° F.). Round holes were never 
severe enough stress raisers to cause failure. More 
severe notches were found to cause failure when the 
panel was cooled by the dry ice. The notch finally 
chosen as most effective in promoting failure was a square 
hole cut in the center of the plate as shown in Fig. 1. 
The corners were sharply notched with a chisel. The 
thermal contraction during the cooling added to the 
strain in the panel, but did not add appreciably to the 
average stress because the stress was already at the 
yield point. The main factor influencing fracture was 
the temperature. The additional stress caused by the 
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cooling was a minor contributing factor. The added 
strain was only 60 micro inches. The reaction stress in 
one case was sufficient to break a panel of very notch- 
sensitive material during the cooling to room tempera- 
ture after welding. Fracture occurred while the tem- 
perature of the plate was still slightly above room tem- 
perature. Other panels cracked before cooling more than 
15° or 20° F. below room temperature. Some panels, 
made from less notch-sensitive steels, not only had to be 
cooled as much as possible with dry ice but had to be hit 
with a heavy hammer to cause failure. Such procedure, 
however, invariably resulted in fracture. Heating the 
frame before welding the panel or slightly bowing the 
plate was a strong deterrent against failure. 

A number of experiments were concerned with the 
stopping of the cracks. A portion of the plate through 
which the crack would have to pass was kept warm with 
a torch (approximately 100° F.) while the remainder of 
the plate was cooled. The crack started in the usual 
manner but stopped immediately upon entering the 
warm zone. The warm area was ductile; it yielded with 
considerable reduction in thickness and did not fracture. 
Had the specimen been pulled in a testing machine hav- 
ing unlimited displacement, the ductile portion could 
have been torn apart. This was not so in the welded 
frame structure, however, which had only elastic strains 
to contribute to the total displacement. 

In another experiment, a longitudinal groove was cut 
in the path of the crack. The groove was then filled 
with bronze by welding. The plate was cooled in the 
usual manner and a crack formed. The crack extended 
through the plate but failed to break the ductile bronze 
which stretched out sufficiently to bridge the gap formed 
by the crack. 

Experiments were made with plates in which holes 
had been drilled in the path of the crack. These holes 
had been filled with ductile material such as bronze or 
25-20 stainless steel. In these experiments, the cracks 
detoured around the ductile material. 

Some panels were welded to the frame on all four sides 
to produce a biaxial stress in the plate. The panels thus 
welded did not fracture any easier than those welded on 
two sides, but they did fracture differently in that cracks 
originated at all four corners of the square center hole 
instead of just two. 


Notched Tensile Bar Tests 


The next series of experiments consisted of pulling 
notched ‘tensile bars at various temperatures in order to 
determine the temperature at which the fracture changed 
from ductile to brittle. The specimens were flat bars 
1S in. long and 3 in. wide with hack saw cuts !/, in. deep 
in each edge. Bars of various thicknesses were tested; 
most of which were either '/» or */,in. thick. Tests were 
made in a 200,000-lb. testing machine. The maximum 
loading rate was used, fracture occurring 4 to 10 sec. 
after the first application of load. The specimens were 


cooled below the testing temperature with dry ice. Thy 
dry ice was removed and the specimen broken when t}y 
temperature reached the chosen value. The tempera- 
ture was measured by a thermocouple attached to the 
sample near the notch. Temperatures ranged from 7() 
to 0° F. At higher temperatures, the bars were ductile, 
failing on planes inclined at 45° to the axis of loading. 
At lower temperatures, the fracture was brittle, occurring 
on the place of maximum tensile stress. At intermediate 
temperatures, the fracture would often be partially 
brittle and partially ductile. 

The following is a summary of the results obtained 
with approximately 300 samples. At 70° F., 90% of th 
samples in the as-received condition were ductile; at 
45° F., 90% of the samples were brittle; at 32° F., all 
were brittle. Without a notch all were ductile at th: 
lowest temperature. 

Many specimens were heat treated in various ways 
Those samples quenched in water or oil were much 
stronger than the ones made from rolled steel. One 
noteworthy result which was obtained early in the series 
of tests was that quenched samples were not only 
stronger but less inclined to be brittle in the notched 
tensile bar test. The temperature at which the transi 
tion from ductile to brittle failure occurred was usually 
lowered by quenching. A quenched bar exhibited an 
85,000 psi. tensile strength and failed with a shear failure, 
while an untreated bar (as-rolled) failed at the samy 
temperature with a stress of 60,000 psi. and a brittl 
failure. The unusual behavior of the notched tensil 
bars is emphasized by the fact that a standard 0.505-in 
diameter tensile bar made of quenched material is much 
less ductile than a slowly cooled bar. Also, as will be 
described later in the test, notched bend test samples 
of the quenched material were very brittle. 

The effect of furnace atmosphere was investigated 
Specimens were heat treated in various gases by placing 
them inside a welded sheet iron container. Pipes wert 
welded to the container to provide means for circulating 
any desired atmospheres over the specimens. The con 
tainer was immersed in a salt bath maintained at the 
heat-treating temperature. The gases used for heat 
treating atmospheres were air, nitrogen, oxygen, hydro 
gen and natural gas. The specimens thus treated wer 
subsequently notched and tested. The effect of the 
atmosphere on the transition temperature was deter 
mined. The samples heat treated in an oxidizing at 
mosphere were invariably brittle at 45° F. Thos« 
samples heat treated 1n neutral or reducing atmospheres 
were ductile even at 32° F. 

Various heat-treating temperatures were tried. Heat 
ing below the transformation temperature of the steel 
caused no change in the transition temperature. Heat 
ing above 1800° F. always made the steel more notch 
sensitive, Causing a rise in the transition temperature. 

The results of the notched bar tensile tests are sum 
marized in Table 1, where data for typical cases are given 


Table 1—Properties of Notched Flat Tensile Bars 


Nominal Testing 
Strength, Temp., Type of Heat Treating Furnace Type of 
Psi. F. Fracture Temp., ° F. Atmosphere Quench 
60,000 32 srittle As-rolled 
60,000 15 Brittle As-rolled 
60,000 70 Ductile As-rolled 
85,000 32 Ductile ; 1650 Reducing (natural gas Water 
85,000 32 Brittle : L800 Reducing (natural gas Water 
65,000 32 Brittle 1650 Reducing (natural gas Air 
85,000 32 Britth 1650 Oxidizing (air) Water 
65,000 32 Ductile 1650 Hydrogen Water (quenched in box) 
65,000 32 Ductile 1650 Nitrogen Water (quenched in box) 
85,000 32 Ductile 1650 Salt bath Water (quenched in box) 
590-s WELDING RESEARCH SUPPLEMENT NOVEMBE 


UNION 


Bend 


The 
about 
weldec 
during 
ippres 
In onl 
illow 
residu 
geome 
such 
weld | 
Kusse 

\ 
samp 
from 
some 
testin 
perat 

Sir 
that 
quen 
lor t 
sible 
more 
resul 

The 
It hi 
iban 
Laine 
tiate 
influ 
tech 
sile 
by t 
ture 


prec 


194 


UNIONMELT DOUBLE V 


BUTT WELD 


UNJIONMELT WELD BEAD) 


Fig. 2—Welded Samples Used for Notched Bend Test 


Bend Tests 


Chere has been and still is a great deal of uncertainty 
about the effect of residual stresses on the strength of 
welded structures. As would be expected, all tests made 
during the investigation in which the ductility was 
ippreciable failed to reveal any effect of residual stress. 
In only a few tests was the ductility sufficiently low to 
illow the residual stress to influence fractures. When a 
residual stress is imposed on a piece of unfavorable 
geometry field failures are frequent. Fig. 14 represents 
such a condition. Unfortunately the burner cut the 
weld before the photo was taken. (I am indebted to Mr 
Russell Rhodes of Marinship for the illustration. 

\ number of tensile were made on welded 
samples. These tests were made on samples ranging 
from 3 to 12 in. wide, having longitudinal weld beads. 
Some plates were notched, others were not. Various 
testing temperatures were used ranging from room tem 
perature down to 

Simple tensile tests failed to reveal clear-cut evidence 
that residual could influence failure. Conse 
quently, the more severe notch-bend test was adopted 
lor the experimental work. With this test 1t was pos 
sible to distinguish the effect of residual stress. \/uc/ 
more important, however, was the observation that welding 
resulted in some sort of damage which induced brittleness 
Che merits of the bend test have long been recognized 
It has been said that if all tests of metals were to be 
abandoned but one, the bend test should be the one re 
tained. By use of such a test 1t 1s possible to differen 
tiate between the effect of residual stress, metallurgical 
influences, testing temperature and variations in welding 
technique. The bend test gives good indication of ten 
sile strength by the breaking load. It measures ductility 
by the bend angle and notch brittleness by the tempera 
ture at which failure occurs. 
precision is required in preparing the specimen. The 
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Fig. 3-- Method Used for Loading Bend Test Samples 
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average stress level is zero but because of a high local 
stress large pieces may be broken in small machines. To 
realize the full value of the test the bending must be at 
right angles to the weld or bead. Other tests, reported 
in the next section, show how brittle failure can be pro 
duced at a very low average stress level whenever there 1s 
a high concentration of stress in a small portion of the 
metal. 

When failure occurs because of poor design, furnace 
stress relief or preheating will accomplish little. Under 
these circumstances the bend test could not be expected 
to shed much light on the performance of the structure. 
If the design is good as in the case of a sphere, metal 
lurgical damage may be the dominant factor involved 1n 
the failure. Under these conditions the bend test may 
be expected to predict the performance of the vessel. 

A sketch of the samples used for the bend test expert 
ments are shown in Fig. 2. Two types of samples were 
used. One was a plate 18 in. long, 4 in. wide and */, in, 


Fig. 4—Equipment Used for Making Bend Tests 


gaeposited OTe 


two x 


thick having a longitudinal weld be 


side only. The other tvpe was made fr 


in. plates welded together by double 
butt weld. All welds and beads were made bv the Union 
melt welding process The current used for the bead 


was 560 and the bead was deposited at a rate of 12 


allip. 


in, per minute Phe wide samples were welded with a 
current of 600 amp. during the pass on the first side, and 
700 amp. on the other sick he weld bead on the nat 
row samples was always placed in the testing machine 
so that it was stressed in tension during loading The 
bending stress was thus added to the welding stress. 
Che wide plates were tested so that the last side welded 


was stressed 1n tension during loading lo encourage 
brittle failures, the weld were notched with a 

i-in. wide milling cutter Phe notch extended through 
the weld bead on the narrow plate, the bottom of the 
notch being flush with the surface of the plate. The 
wider specimens had welds that did not protrude much 
above the surface of the plate Phe specimens were 
notched with the same cutter, but the notch was cut 

« in. deep into the plate and was made slightly longer 
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Fig. 5—Residual Stress Pattern in 4-In. Wide Bend Test 
Sample 


than the width of the weld so that it extended for about 
'/, in. into the plate on each side of the weld. 

The bars were loaded as simple beams with a central 
load as shown in Figs. 3 and 4. Preliminary tests 
showed that the testing temperature made a big differ- 
ence in the results. Naturally plate thickness is a con- 
trolling factor. It was found necessary to use a tem- 
perature of —20° F. to show clearly the influence of 
stress. At higher temperatures, there was often suffi- 
cient ductility to remove the effect of the residual stress. 
The tests reported hereinafter were all conducted at 
— 20° F. unless specifically noted otherwise. The maxi- 
mum loads and bend angles were recorded. It was not 
convenient to obtain the energy absorbed during the 
breaking of the specimen with the equipment available. 

The 4-in. wide plates had the residual stress pattern 
shown in Fig. 5. These specimens had a maximum 
tensile stress of 23,000 psi. in the weld zone. Such speci- 
mens fractured with two distinct breaks. The first 
crack crossed the region having residual tensile stress but 
stopped about an inch from the weld. Continued load- 
ing causes the remainder of the plate to bend through a 
considerable angle before finally fracturing. As shown 


Fig. 6—Typical Fracture of a 4-In. Wide Specimen 
Having Internal Stress 


in Fig. 6 this results in a failure having a relatively wick 
gap in the section originally in tension and a narrow 
crack in the remainder of the plate. 

The results of the bend test experiments are summa: 
ized in Table 2. The tabulated data are typical examples 
chosen from approximately 200 tests. 

To evaluate the extent of the damage done by welding 
a specimen of the unwelded plate was prepared by notch 
ing it completely across the plate with a milled slot ! 
in. wide and */g% in. deep. A geometrically similar 
sample was also prepared from a sample with a weld 
bead. The bead was removed prior to notching. When 
tested, the unwelded plate bent through an angle of 50) 
and sustained a load of 33,000 Ib. without failur: 
whereas the welded sample failed after bending only § 
and sustaining a load of only 22,000 Ib. 

Two things were different about the two samples 
which might contribute to the brittle behavior of th« 
welded sample. These differences were residual stress 
and metallurgical structure. The problem of separate] 


Table 2—Properties of 4-In. Wide Bend Test Samples 


Bend Testing 
Load, Lb. Angle, Degrees Temp., ° F. Failure Treatment 
33,000 50 — 20 No failure Unwelded sample. Notched across plate 
22,000 8 —20 Cracked across plate Bead removed. Notched across plate 
17,000 4 —20 Cracked in tension zone Notched through bead only 
21,000 8 —20 Cracked across plate Preheated to 275° F. before welding. Bead only notch: 
27,000 25 — 20 « Cracked across plate Preheated to 400° F. before welding. Bead only notche: 
28,000 30 —20 -Cracked across plate Preheated to 600° F. before welding. Bead only notche: 
21,000 8 —20 Cracked across plate Stretched 2% at 70° F. in tensile machine before notc! 
ing and testing in bending 
30,000 40 — 20 Cracked across plate Postheated to 1100° F. Bead only notched 
34,000 45 — 20 Cracked across plate Normalized (1650° F.) after welding 
592-s WELDING RESEARCH SUPPLEMENT NOVEMBER 
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Fig. 7—Typical Fracture of a 4-In. Wide Specimen Stress 
Relieved by Stretching 


evaluating the effects of the two factors was next under 
taken. 

The next experiments were conducted on samples 
that had been preheated before welding. Preheat tem- 
peratures of 70, 275, 400 and 600° F. were used. The 
results of these tests are shown in Table 2. 

Preheating retards the cooling of the weld metal and 
heat-affected zone in the plate material. This results in 
a metallurgical structure which differs from that pro- 
duced when no preheat is employed. The residual stress 
pattern was determined for preheated samples and found 
to be essentially the same for all preheat temperatures. 
Thus the residual stress was the same in all specimens. 
The only difference was in the effect of the preheat 
temperature on the metallurgical structure. The weld 
bead was not machined off, so the geometry was the same 
for all bars. The bend angle was 4° for the plate whose 
original temperature was 70° F.; the bend angle was 8 
for the plate preheated to 275° F. and 25° for the plate 
preheated to 400° F. Preheating above 400° F. is diffi- 
cult and produced little additional benefit. By using 
the same technique as in vertical welding preheat may be 
obtained from the arc itself. In a series of tests of plates 
10 x 10 x */, in. with a hand bead deposited and then 


removed and the plate tested at —40° F. the average 
bend angle was 24° with complete failure. When the 
oscillating technique was used angles as great as 65 
without failure were obtained. The samples were not 
notched in these tests. This series of tests demonstrated 
that some other factor, presumably the metallurgical struc 
ture, 1s more important than the residual stress in causing 
brittle failure. 

To further check this conclusion, tests were made on 
welded samples from which the residual stress had been 
removed by stretching. Several samples were prepared 
in both 4-in. wide and 12-in. wide types. Some of the 
4-in. wide samples were stretched 2% in a tensile testing 
machine at room temperature. These samples were 
then notched and tested in the usual manner at —20° F 
The results of these tests are shown in Table 2. The 
stretching removes the residual stress without alter 
ing the metallurgical structure. The samples stretched 
to remove the stress bent through an angle of 8° while 
the unstretched samples bent through an angle of only 4 


Fig. 8—4-In. Wide Samples Bent at 
Welded; 


20° F. (Left) As- 
(Center) Stress Relieved by Stretching; (Right) 
Preheated to 400° F. Before Welding 


The samples containing residual stress invariably 
snapped only in the tension zone (fracture across the re- 
mainder of the plate could be made to occur by con 
tinued loading). The samples from which the 
had been removed snapped all the way 
time. Failure occurred, however, in th 
samples after they had sustained a higher load and 
greater bend angle than those samples containing 
The residual stress was undoubtedly influenci 
failures. 


stre 
across at one 


stress-free 
stress 
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Examples of the failures are shown in Figs. 6 


Table 3—Properties of 12-In. Wide Bend Test Samples 


Bend, 
Angle, Testing 
Load, Lb. Degrees Temp., °F Failure 
- 85,000 19 — 20 Cracked across plate 
92,000 27 —20 Cracked across plate 
95,000 32 — 20 Cracked across plate 
69,000 10 —20 Cracked across plate 


Treatment 
As welded No preheat 
Unionmelt weld. Stress relieved by stretching 
Unionmelt weld. Preheated to 400° F. before welding 
Hand weld, three passes on each side, cooled betw ll passes 


Unionmelt weld 
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Fig. 9—12-In. Wide Samples Bent at —20° F. (Left) As- 
Welded; (Right) Stress Relieved by Stretching 
and 7. Short test pieces in which the residual stress was 


low did not break in stages. 
and final. 

Figure 8 is a picture of samples as welded, stress re 
lieved by stretching and preheated to 400° F. The 
stretched sample shown in this figure bent through a 
greater than average angle. 

The stress was removed from the 12-in. wide samples 
by thermal loading. The two edges of the plate were 
heated to 350° F. while the weld zone was kept cold. 
The thermal expansion of the edges of the plate forced the 
weld to stretch, thus relieving the stress. This method 
of stress relief has been described in detail elsewhere.* 
The results, shown in Table 3, agree with those obtained 
with the 4-in. samples. Figure 9 shows two 12-in. wide 
plates having weld beads (not double ‘‘V’’ butt welds). 
One was bent in the as-welded condition and failed after 
bending through a small angle. The other was stress 
relieved by stretching. It bent through a considerably 
greater angle before failure. Figure 10 shows the resid- 
ual stress distribution in the 12-in. wide samples. 

The benefit to be derived by stress relieving is appre 
ciable but is not nearly as great as that which can be ob- 
tained by preheating or by the so-called ‘‘stress-relief”’ 
heat treatment at 1100° F. after welding. It seems evi- 
dent that the main benefit derived from the 1100° F. 
treatment is metallurgical in nature. . 

Tensile tests at —20° F. were also made on 4-in. wide 
bars having a notched bead. The bar preheated to 400° 
F. showed a definite superiority over the bars which were 
not preheated. The preheated specimen broke at a load 


The first failure is complete 


* THE WELDING JOURNAL, August 1944 issue, page 396-s 
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Table 4—Properties of 0.25-In. Diameter Tensile Bars o{ 
Heat-Treated Ship Plate Steel 


Tensile Vield 
Strength, Strength, Elong. 
Psi. Psi. % 1 In. Description of Bar 
68,000 15,000 29 Cut from weld 
64,000 39,000 29 Cut from plate 0.75 from weld 
62,000 36,000 30 Cut from plate 
71,000 58,000 29 Cut from plate. Heated 1, 
1650° F. Cooled in air blast 
87,000 61,000 19 Cut from plate. Heated to 
1650° F. Quenched in oil 
213,000 ‘<a } Cut from plate. Heated ty 
1650° Quenched in brin 


of 61,000 psi. while the bar not preheated required only 
»1,000 psi. to cause failure. The specimen not preheated 
lacked ductility, so that the residual stress influenced th 
failure. The preheated sample being ductile was in 
fluenced to a lesser degree by the residual stress. 

The tension zone may be broken with relative ease in a 
plate on which there has been deposited a small bead 
The small bead deposited on a cold plate is chilled ver, 
rapidly. The rapid cooling rate causes a maximum 
hardening of the bead and heat-affected zone of th: 
plate. The weld bead is very notch sensitive and cracks 
with little strain. Residual stresses effect fractures onl) 
when the strain preceeding failure is small. Thus it 
evident that samples with small beads are more like) 
to be influenced by residual stresses than those with 
large beads. Fillet welds have three paths to transmit 
heat and consequently cool more rapidly than do welds 
deposited on a flat plate. This may partially explain 
the propensity of a fillet weld toward cracking and th 
relief which preheating affords such a weld. Welding on 
the interior of a hull of a ship below the water line, when 
the ship is water borne, is frequently done. If reason 
may be depended upon in lieu of experiment this seems 
dangerous. 

Some experiments were performed to determine the 
properties of ship plate steel with various intensities of 
quench. Tensile test bars were prepared having a test 
section of 0.250 in. diameter and a 1.5 in. gage length 
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Fig. 10-—-Residual Stress Patterns in 12-In. Wide Plates 
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The first set of bars was tested as-received, the second 
set was quenched in an air blast, the third was quenched 

in oil and the fourth was quenched in a brine solution. 

The properties of these bars are shown in Table 4 along 

with the properties of bars cut from weld deposits. The 

air-quenched sample has properties most nearly resem- 

bling those of the weld metal. 

Tensile bars cut from the welds made with various 
degrees of preheat show that the preheat temperature has 
little effect on the tensile properties of the weld deposit 
see Table 4). 

Bend tests were made at —20° F. on unwelded 4-in. 
wide bars having milled slots '/y, in. wide and */¢, in. 
deep. Some of the bars were water quenched from 
(650° F. Others were tested in the as-received condi- 
tion. The as-received material bent through an angle 
of 39° and required a load of 27,000 Ib. to cause failure. 
The quenched bars bent through an angle of 1° and broke 
at a load of 43,000 Ib. Rapid cooling from above the 
critical seriously diminishes notch toughness. 

Four 12-in. wide samples were prepared in another 
experiment. Two of these were welded in the usual 
manner by the Unionmelt process. The other two were 
prepared by hand welding. The hand-welded plates 
were cooled to room temperature after each pass so that 
the most rapid cooling would result and thus produce the 
poorest metallurgical structure. The results obtained 
in the bend test are given in Table 3. The more retarded 
cooling rate of the Unionmelt is doubtless the favorable 
factor. Whenever a large heat input is used on a small 
specimen little impairment of the piece will take place 
because in effect the specimen is preheated by the weld 
itself. 

In line with the conclusions drawn from the above- 
mentioned experiments is the result of a test made on a 
|2-in. diameter disk which was 1'/, in. thick. A 13/j 
in. diameter hole was drilled through the center of the 
disk. This hole was then filled with a plug weld. A 
'/s-in. diameter hole was drilled in the center of the weld 
to act asa crack starter. The disk was cooled to — 20° F. 
and bent by placing it on a ring at the outer edge and 
loading it through a 1|-in. diameter steel ball at the center. 
The disk bent through an angle of 30° and did not fail. 
The good ductility of this disk was attributed to the fact 
that the cooling rate of a plug weld is very slow and con- 
sequently little quenching occurred. 

Another series of experiments was conducted to deter- 
mine the influence of gases in the welding zone. Various 
gases were introduced into the weld zone by means of a 
small tube submerged in the flux and preceding the 
electrode. The velocity of the gas was regulated so that 
the welding was not disturbed. The gases used were 
nitrogen, oxygen and hydrogen. No effect was found 
from any of the gases except possibly nitrogen. The 
welding voltage exercises a powerful influence on the 
notch brittleness of the steel. This is true of both 
Unionmelt and hand welding. Regardless of the pre- 
heat temperature, high voltage increases notch brittle- 
ness. At the same preheat temperature of 300° F. the 
bend angle was reduced from 67 to 43° by increasing the 
welding voltage Sv. This test was performed on an un- 
notched bead specimen tested at —40° F. An improve 
ment in notch brittleness was observed for all preheat 
temperatures when the voltage was reduced. Postheat 
ing to 1140° F. repairs the damage resulting from high 
voltage welding. 

An experiment was performed at the suggestion of 
Colonel John Riley of the Army Transport Command. 
Plates 12 in. wide were prepared in the usual manner. 
In these plates slots were cut on each side of the weld and 
parallel to it. The slots were 3 in. from the weld and 
were cut two-thirds of the way through the */,-in. plate. 
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These slots were intended to be crack stoppers. The 
specimens were cooled and broken as usual. In the first 
test the slots were on the tension side of the plate. The 
crack was arrested before it reached the slot because of 
the large amount of yielding which occurred near the 
slot. Other specimens were tested with the slots on the 
compression side of the plate. In these trials the slots 
did not stop the crack. 

A single experiment was performed to determine the 
effect of a lamination imposed in the path of the crack. 
A specimen was prepared by welding two laminae, each 
3/gin. thick, into a */,-in. thick plate. The assembly was 
completely heat treated and then a weld bead was de 
posited on the */,-in. plate to act as a crack starter. The 
plate was bent in the standard way. The crack propa 
gated through the two */s-in. plates as readily as it did 
through the */,-in. plate. 

Some experiments were performed to determine the 
influence of hydrogen on brittleness. As_ recorded 
earlier in the test, when hydrogen gas was present in the 
atmosphere surrounding the electrode, no difference was 
noted in the properties of the welded plates. 


Concentrated Load Tests 


The notched tensile bars discussed previously were as 
strong as unnotched specimens of the same net section. 
When wider plates were tested the results were different. 
An unnotched plate 12 in. wide and 24 in. long had an 
ultimate strength and elongation comparable with those 
of the 0.505-in. diameter test bars. Similar plates were 
tested with square holes set at 45° to the loading axis 
The holes were 3 in. across and had sharp corners. These 
plates broke with an average stress on the net section of 
only 37,000 psi. 
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Fig. 11—Specimens Used for Determining Effect of Concentrated 
Loads on the Strength of Plates 
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Fig. 12—Specimen Broken by Concentrated Loading at 
Edges. Average Stress at Fracture 12,000 Psi. 


Much lower average stresses were found to cause failure 
when the load was concentrated near a notch. A 12-in. 
wide plate loaded along the edges near the '/4-in. deep 
hacksaw cuts, as shown in Fig. 11 (A), failed at 0° F. 
with an average stress of 27,000 psi. A larger notched 
plate, 24 in. square, was tested in a similar way. This 
wider plate broke with an average stress of 19,000 psi. 
at the same temperature. Another specimen, 24 in. 
square but having longitudinal flanges welded along the 
center line of the plate, as shown in Fig. 11 (B), was 
tested at 25° F. This specimen broke in an irregular 
manner as shown in Fig. 12. Cracks extended through 
the main plate and about two-thirds of the way through 
the flanges. The average stress, based on the cross- 
section area of the plate and two-thirds of the cross- 
sectional area of the flanges was 12,000 psi. It is be- 
lieved that increasing the length of the ‘specimen would 
prevent the corners from pulling out and would cause 
the failure to progress directly across the plate and 
flanges. 

Some experiments were made on 12-in. square plates 
to compare the effectiveness of hacksaw cuts with natural 
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cracks as fracture promoters. A crack was started from 
a hacksaw cut by pulling the specimen while the materia] 
around the notch was cooled with dry ice. The crack 
which formed was arrested at a distance of 1 in. from th 
origin by keeping the adjoining section warm with 
torch. The load was then removed and the entire spec; 
men cooled to 0° F. before reloading to failure. ‘Thy 
natural crack thus formed the notch which was the origiy 
of the second crack. A similar specimen having a hack 
sawed notch was next tested for comparison. The notch 
in this case was cut to approximately the same depth as 
the natural crack had extended in the first plate. \, 
difference was found in the breaking load. Apparentl; 
the sharpness of the crack is of minor importance after 
certain limiting sharpness is reached. Preliminary 
cracks start before final failure so that final failure starts 
from a natural crack in any event. 

The shape of the natural crack was of considerab 
interest. The end of the crack was curved so that it 
extended considerably farther into the plate in the insick 
than it did at the edges. This may indicate that a mor 
severe condition of combined stress exists in the inside o/ 
the plate than it does near the surface. The crescent 
shaped crack does not only occur with brittle failures but 
is found with shear failures as well. During the tests 01 
the notched tensile bars reported in an earlier section 
many fractures were found in which failure started bh) 
shear in a crescent-shaped crack but the final fractur: 
was brittle. 

Whenever a plate is pierced by a hole and the plate i: 
loaded failure will take place at an average load of ver 
much less than the ultimate strength. This value i 
based upon the stress in the net section. In over 50 ex 
periments, in which a plate 12 in. wide was so perio 
rated, the breaking load was approximately 35,000 psi 
based on the net section. The character of the fractur: 
i.e., whether it was brittle or ductile, depended upon thi 
temperature at which the test was made but the type o! 
fracture does not appreciably affect the breaking load 
The weakness of such a specimen is not the result 0! 
welding or welding stresses. It is directly attributabl 
to design. No difference was found whether rectangular 
holes were machined in the specimen or cut with a burn 
ing torch. Welding material deposited in the vicinity 
of a sharp notch increases the notch sensitivity of the 
material, causing failure at even lower loads. The squart 
openings discussed above were intended to simulate con 
ditions existing in many engineering structures. It bh 
came quite evident that great gains might be realized by 
redesigning these square openings. Preliminary experi 
ments show that a plate may be perforated with a hole 
having square corners in such a manner that the remai 
ing area will have an ultimate strength equal to that of « 
0.505 test bar of the same material. Such a design wil 
yield 25% without failure at 0° F. 

Further work ‘will be necessary in orcer to establisl 
the best design but this much at least is indicated; squart 
openings in a plate need not necessarily impair th 
strength of the remaining material. 


The Propagation Rate of Cracks 


The difference in rates at which a shear fracture and a 
brittle fracture travel is astounding. Shear failures 
occur very slowly, usually by a tearing action originating 
at one side and progressing gradually across a specimen. 
Even 4-in. wide bars may require a second or more t0 
completely fracture after failure starts. Brittle fail 
ures, however, appear to travel with incredible speed 
Such a fracture even of wide plate is complete in such 4 
short span of time that a visual estimate of speed is 1 
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possible. The desirability of measuring the speed ot 
crack propagation was evident, so a series of experiments 
along this line were performed. 

Some preliminary experiments with glass showed that 
it was possible to produce cracks that propagate so slowly 
that the speed may be measured with a stop watch. 
Other cracks were caused to form apparently instantane 
ously across the glass. The factor which seemed to con 
trol the rate of propagation was the stress level in the 
glass at the time the crack started. 

In these experiments a glass plate was placed on a hot 
copper block. The glass plate was larger than the cop- 
per block and overhung the block on all sides. The heat 
was gradually absorbed by the central part of the glass 
plate. The incident thermal expansion imposed a ten- 
sile stress in the cold border of the glass plate and a com- 
pressive stress in the heated center portion. When the 
edges of the glass were smooth, considerable time elapsed 
before fracture occurred because a relatively high tensile 
stress was required to break the glass. The strain energy 
stored in the plate was so great that when failure finally 
did occur the two parts of the plate were thrown violently 
apart. 

When a notch was filed in one edge, failure occurred 
after the glass had been on the block only a short time. 
Very little strain energy was stored in the glass, but more 
important, the stress was low. The crack consequently 
progressed from the notch across the plate in a very 
leisurely manner. It frequently lacked the energy re 
quired to cross the plate. 

In order to determine the actual speed of crack propa 
gation in steel, a specimen was mounted in the frame 
shown in Fig. 1. This specimen was notched with a 
hacksaw on one side only to start the crack. To make 
sure that the crack would travel straight across the plate, 
the thickness was reduced at this section from */, to 
in. by machining a flat groove across the plate. Around 
one end of the plate there was wrapped several turns of 
welding cable through which a current of 200 amp. was 
subsequently passed to magnetize the specimen. The 
plate was then caused to crack by cooling with dry ice. 
The rate of crack propagation was measured as indicated 
in Fig. 13. Magnetic pickups were located at known dis 
tances along the path of the crack. When the crack 
passed under each pickup, the magnetic flux passing 
through the coil of the pickup was suddenly increased. 
This generated a voltage in the pick-up coil which was 
electrically connected to the grid of a Thyratron tube. 

Che change in voltage of the grid caused the tube to fire, 
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Fig. 13—Sketch of Equipment Used for Measuring Rate of 
Crack Propagation 
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BRITTLE FAILURES IN STEEL STRUCTURES 


Fig. 14—-Crack Due to Imposition of Residual Stress on Un- 
favorable Geometry 


discharging a condenser through the primary of an in 

duction coil. The high-tension terminal of the induction 
coil was connected to an electrode located directly above 
a metal disk revolving at a known speed, so that a spark 
was thus caused to penetrate a sensitized paper cemented 
to the disk. The resulting spot was easily discernible 
when the disk was subsequently inspected. Three pick 

ups were placed along the path of the crack to operate 
three independent circuits. The relative displacements 
of the three spots on the disk indicated the speed of the 
crack. The relative times of response of the three cir- 
cuits were checked by placing the pickups across the 
crack and discharging a condenser through the welding 
cable. The circuits were so nearly identical that there 
was no appreciable relative displacement of the spots on 
the disk. 

The speed of propagation was measured in this way 
on several plates. Values ranging from 3500 to 4500 ft. 
per second were obtained. Not enough tests were made 
to insure the accuracy of the results, but it is felt that 
these values are of the correct order of magnitude. The 
speed probably depends upon the stress level in the 
specimen. It was approximately 38,000 psi. in the tests. 

As was pointed out earlier in the text, a crack can be 
stopped merely by warming the metal in the path of the 
crack to SO or 100° F. A crack traveling at a rate of 
almost a mile a second is applying load to the material 
at the base of the crack at a tremendous rate, yet a few 
degrees change in temperature of the material in the path 
of the crack can cause the crack to stop abruptly. Thus 
it appears that even though the rate at which the 
crack grows 1s very high, it is of secondary importance in 
determining how the material will behave. 


Summary and Conclusions 


1. Temperature was found to be the most important 
factor contributing to the brittle fracture of mild steel 
of the same thickness. Any of the welded or machined 
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specimens tested could be made to fail by shear (and be 
ductile) or by separation (and be brittle) merely by a 
judicious choice of the testing temperature. 

2. Residual stresses were found to play a minor but 
nevertheless important role in causing fractures. Such 
stresses had no influence on room temperature tensile 
test results. The ductility was always great enough 
in the tensile tests on welded samples so that the residual 
stresses were redistributed and the effect of residual stress 
on fracture was negligible. Under certain conditions, 
i.e., when the deformation prior to fracture was very low, 
the residual stress was found to have an effect on the 
fracture. This was observed in the notched bend test 
experiments on welded bars at —20° F. 

5. Reaction stresses can easily cause a brittle frac- 
ture in notched plates. The notch must be sharp; 
rounded corners resist fracture. The temperature re- 
quired for such fractures varies from room temperature 
down to —40° F. depending upon the sharpness of 
the notch, the material and the magnitude of the stress. 
Reaction stresses rarely exceed the yield point of the 
material but they extend over a much greater volume of 
material than do residual stresses. 

4. Metallurgical changes associated with the welding 
were found to be one of the most important factors con- 
tributing to brittleness. When weld beads were de- 
posited on plates at 70° F. the samples were brittle in 
the —20° F. bend test. When the plate was preheated 
to 400° F. and then welded, the samples were very duc- 
tile. The residual stress was found to be the same 
in both normally welded and preheated samples. Thus 
the difference in ductility was attributed to the difference 


in the metallurgical structure. The slower cooling 
caused by preheating resulted in a marked improvemen; 
in the ductility of the welded sample in the notch bend 
test. The effect of the metallurgical structure on th, 
behavior of the welded samples in the bend test wags 
much more noticeable than was the effect of residija} 
stress. 

5. Certain recommendations can be made concerning 
means to alleviate the danger of brittle fractures assv 
ciated with welding of mild steel structures. Postheat 
ing to 1100° F. or higher was found to be the best. Pr: 
heating the plate to 400° F. or higher at the time oj 
welding was found to be very beneficial. Removin, 
the bead always increases the bend angle, therefore litt\; 
overbuild is indicated. Lower welding voltage great}, 
reduces the notch brittleness. Preheating prevents 
metallurgical damage so that ductility is retained 
Thermal loading materially reduces residual stress. Thx 
combination, therefore, results in a comparatively stress 
free weld not subject to notch brittleness. 

6. The rate of propagation of a crack through a piec: 
of ship plate steel was found to be about 4000 ft. per 
second. It is believed that the velocity of propagation 
depends upon the stress and energy available in the sys 
tem. 
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RESEARCH CORPORATION OFFERS 
$2,500,000 FOR POSTWAR COLLEGIATE 
RESEARCH 


Scientists who made the atomic bomb, 
radar and a host of other vital war 
weapons will have a chance to return 
promptly to college laboratories for scien- 
tific research and teaching through 
$2,500,000 in grants offered to educational 
institutions by Research Corporation, of 
New York, a nonprofit organization de- 
voted to advancing research and tech- 
nology by use of revenues from inventions 
assigned to it by public-spirited inventors. 


Help for Smaller Colleges 


Preference in making these grants will be 
given, other factors being equal, to smaller 
institutions and those of more limited 
financial resources for research. 

The five-year program announced by 
Dr. Joseph W. Barker, acting president, 
who has returned to his duties with the 
Corporation and with Columbia Univer- 
sity from service as Special Assistant to 
the Secretary of the Navy, will result in 
100 to 200 grants of $2500 to $5000 each 
year in order that talented young scien- 
tists, engaged for the most part in war re- 
search in uniform or as civilians, will be 
able to undertake at universities and col- 
leges research of peacetime importance in 
pure science, especially chemistry, physics, 
mathematics and engineering. 


Grants Begin Soon 


The first grants will be made in a few 
weeks by a special committee of eminent 
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scientists from industrial and university 
laboratories. The committee is composed 
of Acting President Barker who is also 
Dean of Engineering at Columbia Univer- 
sity; Dr. Thomas H. Chilton, director of 
engineering for du Pont; Dr. William D. 
Coolidge, X-ray consultant for General 
Electric Co.; Timothy E. Shea, manufac- 
turing engineer of Western Electric Co.; 
Dr. Lloyd P. Smith, associate research 
director of Radio Corporation of America; 
Col. Stafford L. Warren, Professor of 
Medicine at the University of Rochester; 
and Dr. Robert R. Williams, inventor of 
the synthesis of vitamin B, and coordina- 
tor of research of Research Corporation. 

Grants will be made to the institutions 
at which the scientists will work and teach. 
The funds will be available for the pur- 
chase of needed equipment and for em- 
ployment of assistants either as Fellows or 
otherwise. Awards will be based pri- 
marily upon the demonstrated ability of 
the men who will conduct the researches 
and contribute to the teaching program of 
the school. 


Scientists for Next Generation 


“For the past four or five years,’’ said 
Dr. Barker, ‘‘the Government, through the 
Office of Scientific Research and Develop- 
ment, the National Defense Research 
Céuncil, the Army, the Navy and the Air 
Force, has supported a vast research and 
development program into which has been 
drawn the great majority of the most com- 
petent university research men. Already 
the demobilization of these research pro- 
jects is under way. When their war jobs 
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are finished many of these talented young 
scientists should be going back to colleg: 
laboratories and lecture rooms to train and 
inspire the next generation of science. 

“War conditions have greatly disturbed 
our educational institutions by diversion of 
talented members of their faculties int: 
war research, by drawing off faculty an 
students into military service, by utilizing 
educational facilities for military servic: 
training programs and by interrupting 
sources of financial support. 

‘Research budgets have been drasticall\ 
curtailed, especially in the smaller institu 
tions, which in many cases have not ha 
opportunity to undertake Government r 
search on a substantial scale. The fina: 
cial strength of many institutions also ha 
been impaired by the depression and thy 
war conditions which followed. Now new 
burdens are thrust upon them as youn, 
men from the services return to resum 
their interrupted training. 


Return to Peacetime Footing 


“Research Corporation’s program 
special postwar grants will round out th 
plans that are being made for the most 
effective and most prompt return of th: 
war-engaged scientists to peacetime funda 
mental and applied research,’ Dr. Barker 
explained. ‘The Rockefeller Foundation 
has already announced a comprehensiv: 
plan of predoctoral fellowships which will 
return to college former graduate student 
who left their studies and researches for 
war research. Current government legis 
lation and proposed bills being considere: 

(Continued on page 617-s) 
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Fatigue Properties of Flash Welds 


By H. J. Grover, R. W. Bennett and G. M. Foley* 


HIS paper describes the results of an investiga 

tion of the endurance of flash-welded steel con- 

ducted for the War Production Board at Battelle 
\lemorial Institute. 

Phe program included three items of study: First, the 
investigation, by rotating-beam tests on small specimens, 
of the fatigue strengths and properties of various zones 
in the flash-welded bar. Second, plate-bending fatigue 
tests on flash-welded plates were designed to find the 
effect of weld reinforcement. Third, rotating-beam tests 
on flash-welded tubes were scheduled to show the impor 
tance of internal flash. 

\ll tests have been made on $.A.E. 4130 steel. Each 
study was to include three groups of specimens heat 
treated to three strengths before welding and tested as- 
welded, and three groups of specimens heat treated to 
nominally) the same strengths after welding. Heat 
treatments are described specifically in following sections. 


Part Il. Flash-Welded Bars 


Rotating-Beam Fatigue Strength of Small Flash-Welded 
Bars 


Equipment 


Flash-Welding Machine.—-All welds for this investiga 
tion were made on a Taylor-Winfield, Model B-5, 30-kva. 
mechanically operated flash welder (Fig. 1). The weld 
ing current is supplied from a 240-v. a.-c. line which is 
transtormed to give a secondary die voltage ranging in 
eight steps from 3.95 to 7 v. The welding current is con- 
trolled by means of an Ignitron contactor actuated by 
cams mounted on the same shaft as the cam which ad 
vances the movable platen of the flash welder. The 
welding dies or electrodes are made ef copper and are 
clamped together by air pressure. Back-up plates were 
put on the platen to prevent slippage of material in the 
dies. 

Material.-The material used in this investigation was 
urcraft quality S.A.E. 4150 steel bar, '/> in. in diameter. 
rhis steel was made in accordance with Army-Navy Spe 
cification AN-QQ-S-684A. The chemical composition 
ind mechanical properties are shown in Table 1. 

All steel used for fatigue and tension tests was normal 
ized at 1675° F., air cooled, then drawn at 850° F. for | 
hr. Drawing after normalizing was found necessary im 
order to obtain a definite vield point and to obtain more 
uniform stress-strain characteristics. Steel for the prepa 
ration of specimens in which the unwelded material was 
to have an ultimate strength of about 150,000 psi was 
heated at 1600° F. for | hr. and quenched in oil, then 
drawn at 1010° F. for | hr. and air cooled. Steel for speci 
mens in which the strength of the unwelded material 
was desired to be about 180,000 psi. was quenched from 
1600° F. into oil and drawn at 775° F. for 1 hr. 


* Battelle Memorial Institute, Columbus, Ohio 


Part of the above material was used for unwelded con 
trol specimens and the balance was flash welded. The 
welding and heat-treating schedules are shown in Table |. 
Some of the normalized, drawn and welded specimens 
were then normalized and drawn according to the above 
conditions. <A further group of normalized, drawn and 
welded specimens was quenched and drawn at 1010" F. 
to produce a nominal ultimate strength in the unwelded 
material of about 150,000 psi. A third group of these 
specimens was quenched and drawn at 775° F. to obtain 
ultimate strength of about 180,000 psi. 

Fatigue-Testing \Machines.—All_ fatigue specimens 
were broken in R. R. Moore type, rotating-beam fatigue 
machines running at either $750 or 10,000 rpm. These 
machines subject the specimen to pure bending, with a 
bending moment constant over its length and independent 
of its stiffness. The effect of speed of testing steel speci 
mens has been thoroughly and frequently investigated, 
and has been found to have no effect on the results of the 
test.* 

The two types of fatigue specimens used are shown in 
Fig. 2. The unnotched specimens are modified from the 
standard R. R. Moore specimen in that the fillets at the 
ends of the latter specimen have been eliminated 


Fig. 1—-30-Kva. Mechanically Operated Flash Welder 
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Table 1—Static- 


ension Tests of Flash-Welded '/,-In. Diameter S.A.E. 4130 Round Bar 


Heat Treated to Various Strengths 


Ultimate 
Yield Tensile Elenga- Red, of 
Heat Treatment Eeat Treatment Strength, Strength, tion, Area, 
Before Welding After Welding DeSales DeSeie location of Failure 

Normalized at 1675°F, Unwelded 71, 000 111,000 21.5 57.5 

Normalized at 1675°F., drawn 

at 850°F, " 80, 500 104, 300 22.8 63.0 
Normelized at 1675°F., drawn 

at 850°F,, quenched from 1600°F,, 

drawn at 1010°F, . 144, 200 151,500 15.8 62.9 

Normalized at 1575°F., drawn 

at 850°F., quenched from 1600°F,, 

drawn at 775°F, 173,800 185,800 11,0 54.9 

Normalized at 1€75°F,, drawn 

at S50°F, None 78,000 101,206 18,b 61.0 Unaffected bar, 
Normalized at 1675°F., drawn 

at 850°F,, ouenched from 1600°F., ° 141,000 148,500 14,0* 63.4* 3 in unaffected bar, 1 on 
drewn at 1010°F, weldline, 

Normalized at 1675°F., drawn 

at 850°F,, quenched fror 1600°F., 152,000 163, 300 1.5 6.7 onweldline, 1 adjacent 
drawn at 775°F. to weld. 

Normalized at i675°F,, drawn Normalized at 1675°F,, 2 in unaffected bar, 1 on 
at 850°F, drawn at 850°F, 92,500 106,000 18.2 55.1 weldline, 1 adjacent to 

weld, 

Normalized at 1675°F., drawn Quenched from 1600°F,, 

at 850°F, drawn at 1010°F, 153,000 160,000 14,5 61.4 Unaffected bar. 
Normalized at 1675°F., drawn Quenched from 1600°F., 

at 750°F, drawn at 775°F. 181,000 194, 500 9, 54.2 Unaffected bar, 


Other specimens El, = 3.2%, RA. = 3.4%, 
Welding Schedule 


* Average of three specimens, 


Burn off 270 inch 
Upset 
Chom. Comp. Material Cost 

Cc .29 s -016 Welding Time 2.6 seconds 

Mn Cr 94 Sec. Voltage 

P .018 Mo 22 during flashing 5.4 volts 

S Short-circuit current 4.0 + cycles 
Final die opening 


-50 inch 


All welded bars were ground to 0.480 in. diameter, and 
were etched to determine the weldline location. A punch 
mark was put at the zone in the weld to which it was de- 
sired to apply the maximum stress. The bars were then 
cut off so that the punch mark was in the center of the 
finished length of the fatigue specimen. 

Unnotched specimens were carefully polished to re- 
move all tool marks, and were finished by longitudinal 


polishing with 4/0 emery. The notches in the notched 
specimens were finished by a light cut with a shadow 
graphed lathe tool, and the notches themselves wer 
shadowgraphed individually at 50 X. The notches wer 


cases. 

The specimens were all finished to 0.230 + 0.003 in 
minimum diameter. 
values computed as the outer fiber stress in an elasti 
' : cylinder having a diameter equal to the minimum diam« 
ea ter of the specimen. Factors entering the stress calcula 


7 
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Fig. 2—Small Rotating-Beam Fatigue Test Specimens 


Fig. 3—Endurance of S.A.E. 4130 Unwelded 


600-s WELDING RESEARCH SUPPLEMENT NOVEMBER 


found to have radii between 0.009 and 0.011 in. in all! 


All stresses recorded were nomina! 
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Fig. 4—Endurance of S.A.E. 4130. Normalized and Drawn, 
Nominal Tensile Strength = 103,000 Psi. 


tion were checked carefully so that the nominal stress 
ipplied to the specimen was set to = 150 psi. in all cases. 


Results of Fa'ig: sting 

The results of fatigue tests - 
Figs. 3 to 15, inclusive. 

Figure 3 shows the unnotched and notched endurance 
f all unwelded specimens. Figures 4, 8 and 12 each 
show the performance of three groups of unnotched spe- 
cimens which have had the same heat treatment, one lot 
f which was unwelded, one of which was heat treated 
before welding, and one of which was heat treated after 
welding. Figures 5, 9 and 13 show the endurance of cor- 
responding specimens notched on the weldline, each fig- 
ure containing the results from three groups having the 
same heat treatment. Figures 6, 10 and 14 compare the 
notched endurance of specimens. tested as-welded, while 
Figs. 7, 11 and 15 give the notched endurance of speci- 
mens heat treated after welding. Each of these latter 
groups of figures shows the notched endurance of un- 
welded specimens, of specimens notched on the weldline, 
f{ specimens notched near the weldline, supposedly in 
the “‘heat-affected’’ zone of the weld, and of specimens 
notched some distance from the weldline, supposedly in 
the “drawn’’ zone of the weld. 

There is a variation in the location of the fracture in 
welded unnotched specimens according to the heat treat- 
ment, There is also a variation in the character of the 
fracture between some specimens and others. The ‘‘nor- 
mal’ fracture found in small rotating-beam fatigue tests 
m steel is one which apparently begins at the surface in 
me or two points, continues to grow as a conchoidal sur- 
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Fig. 5—Endurance of S.A.E. 4130. Normalized and Drawn, 
Tensile Strength = 103,000 Psi. 
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Fig. 6—Endurance of S.A.E. 4130. Normalized, Drawn and 
Welded. Notched Specimens 


face, and finally leads to failure in a ductile manner by 
“twisting” off. 

In the present tests, a number of fractures of un 
notched specimens were not of this type, but were wholly 
brittle fractures across the flat plane of the weldline 
There were also some specimens which failed in the nor 
mal manner close to the weldline, as well as a number 
which failed in the normal manner in the drawn zone 
The point of failure in the last group of specimens oc 
curred, of course, at a point where the cross section of the 
specimen was relatively large. Thus, these failures oc 
curred at a point of lower nominal stress than the max 
mum applied to the specimen, and indicate localized 
weakening in the drawn zone. 

All the specimens normalized before welding and tested 
as-welded had a normal failure in the drawn zone, except 
for two which failed in a brittle manner on the weldline. 
Both groups of quenched and drawn specimens tested as 
welded usually had brittle failures on the weldline, al 
though a few specimens had normal failures in the drawn 
zone or in the weld zone. Practically all the specimens 
heat treated after welding failed normally on the weld 
line. The fact that these normal failures were near the 
weldline is not indicative of particular weakness at the 
weld, since the highest stress in all cases was applied to 
the weld zone. 

The specimens which failed in a different manner from 
the majority in the group did not appear to be distin 
guished by any unusual fatigue performance. In Fig. 15 
(a) are shown specimens which failed in the three different 
ways described above. The specimen at the left in this 
figure has failed in the normal manner but in the drawn 
zone. The heat-affected zone in this specimen is clearly 
visible after testing, but is not apparent in the specimens 
before testing. The specimen in the center of Fig. 15 (a 
shows a brittle failure on the weldline, while that on the 


Fig. 7—Endurance of S.A.E. 4130. Normalized, Drawn, 


Welded, Normalized and Drawn. Notched Specimens 
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Fig. 2 Endurance of S.A.E. 4130. Quenched and Drawn to 
150,000 Psi. Tensile Strength 
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Fig. 9 Endurance of S.A.E. 4130. Quenched and Drawn to 
150,000 Psi. Tensile Strength 
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Fig. 10—Endurance of S.A.E. 4130. Quenched and Drawn to 
150,000 Psi. Nominal Tensile Strength and Welded. Notched 
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Fig. 1l1—Endurance of S.A.E. 4130. Normalized, Drawn, 
Welded, Quenched and Drawn to 150,000 Psi. Nominal Tensile 
Strength. Notched Specimens 
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Fig. 12- Endurance of S.A.E. 4130. Quenched and Drawn t: 
180,000 Psi. Tensile Strength 


Fig. 13— Endurance of S.A.E. 4130. Quenched and Drawn to 
180,000 Psi. Tensile Strength 
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Fig. 14~-Endurance of S.A.E. 4130. Quenched and Drawn to 
180,000 Psi. Nominal Tensile Strength and Welded. Notched 
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Fig. 15--Endurance of S.A.E. 4130. Normalized and Drawn, 
Welded, Quenched and Drawn to 180,000 Psi. Nominal Tensile 
Strength. Notched Specimens 
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right is characteristic of those having a normal failure in 
the weld zone. 


Discussion of Results on Fatigue Testing 


fhe rotating-beam fatigue test on unnotched speci- 
mens measures the endurance of a material under an 
idealized stress condition. In the present tests, the 
material tested has been only the center portion (0.2: 
in. diameter) of a larger flash weld (0.5 in. diameter). 
The results of the tests are thus useful, mainly for judg- 
ing the reasons for the performance of engineering struc- 
tures, rather than for predicting their performance. 
They may also be useful for judging the results likely 
to be obtained from a change in heat treatment of struc- 
tures. 

Normalized and drawn material is shown by Figs. 4, 5, 
and 7 to have the best endurance if used as-welded 
without further heat treatment. This is to be expected, 
since endurance is closely related to hardness, and the 
heat-affected zone is, in general, harder than the normal- 
ized material. 

Figures 8, 9, 10 and 11 show fairly conclusively that, 
if the maximum strength must be obtained from flash 
welded bars by quenching and drawing at fairly high 
temperature, the heat treatment should be done after 
welding. Although it may appear from Fig. 9 that the 
as-welded specimens have a higher notched endurance 
than those heat treated after welding, the results on the 
unnotched specimens, Fig. 8, suggest strongly that there 
may be points of weakness in the as-welded samples 
which have not been discovered in the notched tests. 
fhe unnotched specimens apply high stress to a fairly 


Fig. 15(a) 


Typical Fractures in Unnotched Fatigue Specimens. 
x2 
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Fig. 16--Endurance of S.A.E. 4130 As-Welded and Notched 
on Weldline 


large part of the weld, and may be expected to fail at the 
weakest point near the middle of the specimen, while the 
notched specimens apply high stress only to the very 
small amount of metal in the bottom of the notch. In 
general, the notched specimens will be useful mainly to 
find places of unusually high strength, while the un- 
notched specimens reveal regions of low strength. 

When the material is to be quenched and then drawn 
at a low temperature, the advantages of heat treatment 
after welding are even more pronounced, as is shown in 
Fig. 12. 

An unusual result is found in Figs. 11 and 15, which 
show the endurance of notched specimens quenched and 
drawn after welding. In all cases the endurance of the 
welded specimens ts higher than that of unwelded spect 
mens with similar heat treatment, the superiority being 
more than 30° in the case of some notch locations. Sev 
eral of these specimens were sectioned and careful hard 
ness tests were made on them, but the hardness was 
found to be uniform through the weld zone, and equal to 
the hardness of the unwelded specimens. The notched 
endurance strength of these specimens has apparently 
been influenced greatly by the heating during welding, in 
spite of the fact that they were quenched and drawn after 
welding. This metallurgical anomaly has not been ex 
plained satisfactorily. 

An interesting, but not unexpected, result is illustrated 
in Fig. 16, where the tests of all specimens notched on the 
weldline and tested as-welded are shown together. It 
will be seen that the prior heat treatment had no percept 
ible influence on this particular property. 

The indications of these rotating-beam fatigue tests on 
flash-welded S.A.E. 4130 bar are that no advantage 1s 
conferred by normalizing after welding, but that, if maxi 
mum endurance is desired, the material should be 
quenched and drawn after welding. In spite of this how 
ever, some improvement in endurance over the normal 
ized material was shown by material quenched and 
drawn at 1010° F. before welding and tested as-welded. 

Unfortunately, as will be reported in later sections of 
this paper, the results of tests on other shapes of speci 
mens, more nearly approximating practical engineering 
parts, did not give as simple or clear results as these 
tests, nor were the results of the tests yet to be reported 
so favorable to flash welds. 


Part I]. Flash-Welded Plates 


Part I described the results of rotating-beam fatigue 
tests on small flash-welded S.A.E. 4130 bars. These 
tests showed that the rotating-beam endurance of bars 
was not injured by flash welding, in that the endurance of 
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i/,-In. S.A.E. 4130 Steel Plate 


Veld Ultimate 
laboratory —__ Heat Treatment Tensile Strength.) Location of 
Number Before Welding After Welding Pounds D.8el. Fracture 
279- 1) Norm. at 1700°F, Unwelded 44, 200... 118,000 
-2 Drawn at 850°F, " 46,200 123,500 - 
Unwelded 
Control 281- 1 ) quenched from 1600°F, Unwelded 72,400 193,500 - 
Specimens -2) into ofl. Drawn at " 71,400 191,000 - 
910°?, 
25e- 5 ) e ) Norn. at 1700°F, 42,500 113,500 Weld 
ip) ) Drawn at 850°F, 42,400 113,500 " 
cue 5) ) Quenched from 1600°F 63,000 168,500 " 
? Norm, at 1700°F, 
-10 ) ) into oil. Drawn at 65,800 176,900 
Welded ) 910°Fe 
Test 
Specinens 261- 5 ) Norm at 1700°F, ) Hone 46,200 125,000 ) Unaffected 
-10 ) Drawn at 850°F, ) 46,000 12%,000 ) Metal 
5 ) orm. at 1700°F, 66,200 177,000 Weld 
-10 ) Quenched from 1500°F, None 60,600 162,900 " 


into oil. Drawn at 
910°F, 


(1) DeSei, Desed on nominal cross-sectional area of reduced section of specimen .187" x 2.90" = 374 sa. inches. 
Velding Schedule: 


Burn off 75 inch Trans. tap lee 
Upset 19 inch Sec. flashing voltage 5.5 volts 
Material lost .94 inch Short-circuit current 8 cycles 
Welding time 1l seconds Final die opening 75 inch 


welded bars could be made as good as or better than that fatigue specimens, and unwelded control samples fv: 
of unwelded bars by heat treating the former after weld- each strength group, were machined into tension spec: 
ing. The endurance of bars flash-welded from normalized mens. The reduced section was 2 in. wide, and was su! 
and drawn steel was better after welding than before. face ground on each side of the plate to a final thickness: 


Endurance of Flash-Welded Plates 


Plate-bending fatigue tests have been run to deter- 
mine the endurance of flash-welded plates and the effect 
of reinforcement on their endurance. 

The welds were made in '/4-in. S.A.E. 4130 plate, and 
the specimens were machined to '/s in. thickness in the 
case of unreinforced specimens, or slightly thicker in the 
reinforced section of other specimens. The machining re- 
moved the surface left by welding and heat treatment. 

The same heat-treating procedures were used on the 
plates as were used on the flash-welded bars discussed in 
Part I of this article. Only one drawing temperature 
was used on plates, however, and this was higher than 
that used on bars intended to have the same tensile 
strength on account of the thinner section of the plates. 


Preparation and Mechanical Properties of Specimens 


All specimens for the static-tension and fatigue tests 
of S. A. E. 4130 steel plate '/, in. thick were, flash welded 
on a Taylor-Winfield, 100-kva., hydraulically operated 
machine, using the welding schedule shown in Table 2. 
Prior to welding, the material was grit blasted to remove 
any scale formed during heat treatment. 

To check the quality and strength of the flash-welded 
joints, two specimens from each of the six groups of Fig. 17—Plate-Bending Fatigue Testing M 


achine 
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Table 2—Heat Treatment and Static-Tensile Strength of Flash-Welded Joints Made in [iS ; 
| ELLIPT 
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A-FLUSH GROUND (UNREINFORCED) SPECIMEN 


ELLIPTICAL SECTION (SEE MAXIMUM STRESS SECTION 
MACHINE SET-UP DIAGRAM) (BRE AK OGES) 


LINE OF MAX STRESS 


+ ori (WELD LINE) 


DIRECTION OF 
ROLLING 


AXIS OF LOADING~< 


B- SPECIMEN WITH ONE SIDE REINFORCED 10% 


ALL FOUR FILLETS 
| 


DIMENSIONS FOR SPECIMENS 
8 AND C COINCIDE WITH 
SPECIMEN A EXCEPT AS IN- 
DICATED 


Fig. 18—Detail of Plate-Bending Fatigue Test Specimens 


‘/y¢ in. Consequently, the flash, surface irregularities 
and decarburization were removed. The results of the 
tension tests are given in Table 2. Examination of the 
fractures showed that the weld was sound and free from 
apparent defects, and that failure had not occurred as a 
sharp cleavage fracture through the weld plane, but 
rather as a shear failure in, or very close to, the weld. 


Fatigue Testing Machine and Specimens 


Figure 17 shows the testing machine used for these 
tests. The rocker arm, visible at the right-hand end of 
the test piece, is actuated by a cam of adjustable eccen- 
tricity. The dial gage permits measurement of the de- 
flection of this rocker arm. Measurement with SR-4 
strain gages on one specimen of any group gives a direct 
calibration of stress in terms of dial-gage readings. This 
calibration should be valid for all other specimens of the 
same elastic modulus and the same geometric shape. 

Specimens were tested in fully reversed bending at a 
speed of 1750 cycles per minute. With a small correction 
for dynamic inertia effects, the nominal surface stress 
values for flush-ground specimens were believed to be ac- 
curate to about +4°,. Residual stresses due to machin- 
ing increased the error in loading to a possible +S8°@ for 
the reinforced specimens. 

Figure 1S shows a drawing of the fatigue test specimen 
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used. The design of specimen is such as to afford the 
following desirable characteristics : 


1. An approximately uniform stress over a region ex 
tending about */, in. either side of the line of 
maximum stress. 

Low-stress regions at either end where the speci- 
men may be clamped. 

Smooth transition from the reduced section to the 
grip sections. 


Results of Bending Fatigue Tests 


Table 3 summarizes the results of static-tension and 
of plate-bending fatigue tests on unwelded control spe- 
cimens, both in the normalized and drawn condition* 
and in a heat-treated condition f. 

Table 4 summarizes tests on specimens normalized and 
drawn, or heat treated (at the same time and under 
conditions identical to those of the control specimens) 
before flash welding. These specimens were tested in the 
as-welded, heat-treated condition. 

Table 5 summarizes tests on specimens normalized 
before welding, and again normalized and drawn, or 
heat treated (at the same time and under conditions 
identical to those of the control specimens) «after flash 
welding. 


* Specimens normalized at 1700° F 
nominal ultimate tensile strength 

1 Specimens quenched from 1600° F 
190,000 


and drawn at 850° F. for 120,000 p 


into oil and 
psi, nominal ultimate tensile strength 


drawn t 9 I for 


Table 3—Heat Treatment, Static-Tensile Strength and Re- 
sults of Plate-Bending Fatigue Tests on Unwelded Contro! 
Specimens 


A Normalized Control Specim 


These control specimens, containing no weld, 

in. S.A.E. 4130 steel plate normalized at 170 
at 850° F. for 120,000 psi. nominal U.T.S. TI 
test specimens were reduced to 0.187- x 2.00-in. cro 
fatigue specimens were flush ground on both 
See Fig. 18 (A 

Maxi- 


sides 


ness 


Weld mum 
Stress, 
Psi 
23,500 
118,000 
89,760 
70,200 
66,200 
63,000 
55,200 


55, LOO 


B 


Cycles 
to Failure 


Static tension 
Static tension 


2,226,100 
1,179,900 
above 12,000,000 


18 200 
125,300 
454,500) 


567,600 


‘9,000 


i! 


g in 
In 


in 


from 
from im 


from mi 


1'/s in. from max 
in 
no failure 
in from 


from n 


Heat-Treated Control opecimen 


These control specimens, containing no weld, wert 
1/,-in. S.A.E. 4130 steel plate quenched from 1600° I 
drawn at 910° F. for 190,000 psi. nominal U.T.S 
tension test specimens were reduced to 0.187- x 2.00 
tion. The fatigue specimens were flush ground on both s 
1/, in. thickness See Fig. 18 (A 


Weld 


Maximum 


No 
281-1 
281 -: 
281-5 
281 -: 
281 
281-3 
281-7 
281-8 
1-6 
281-4 


Stress, Psi 


193,500 
191,000 
124,400 
122,600 
107,600 
88,000 
80,000 
75,600 
71,400 
62,000 
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Cycles 
to Failure 
Static tension 
Static tension 
10,200 
11.100 
28,300 
89,900 
182,200 
277,400 
10,000,000 
5,000,000 


ocation 


NMcmarks, 


of Failure 


Did not fail 
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Table 4—Heat Treatment, Static-Tensile Strength and Re- 
sults of Plate-Bending Fatigue Tests on Specimens Heat 
Treated Before Welding and Tested As-Welded 


A. Specimens Normalized and Drawn Before Flash Welding 


These specimens were normalized at 1700° F. and drawn at 850° 
F. for 120,000 psi. nominal U.T.S. The static-tension test speci- 
mens were reduced to 0.187- x 2.00-in. cross section. The fa- 
tigue specimens were flush ground on both sides to !/s in thickness. 
(See Fig. 18 (A).) 

Weld Maximum 
Lab. Stress, Cycles 


Remarks, 
No. Psi. to Failure 


Location of Failure 


261-5 125,000 Static tension 

261-10 123,000 Static tension 

261-2 60,000 124,400 No defects—in weld zone 
261-3 53,600 205,000 No defects—in weld zone 
261-1 46,800 507,600 No defects—in weld zone 
261-9 39,800 522,500 No defects—in weld zone 
261-7 38,000 1,034,900 No defects—in weld zone 
261-6 35,100 Above 10,507,000 No failure 

261-8 35,000 Above 11,501,100 No failure 

261-4 34,800 1,154,900 


B. Specimens Heat Treated Before Flash Welding 


These specimens were normalized at 1700° F., quenched from 
1600° F. into oil and drawn at 910° F. for 190,000 psi. nominal 
U.T.S. before flash welding. After welding, the static-tension test 
specimens were reduced to 0.187- x 2.00-in. cross section. The fa- 
tigue specimens were flush ground on both sides to '/s in. thickness 
(See Fig. 18 (A).) 


Weld Maximum 


Lab. Stress, Cycles Remarks, 
No. Psi. to Failure Location of Failure 
263-5 177,000 Static tension In weld zone 
263-10 162,000 Static tension In weld zone 
263-8 100,100 21,200 Failure in weld zone 


started from two small 
defects and progressed 
to outer edges of 
specimen (Fig. 28 
263-7 74,800 70,300 No defects—-in weld zone 
263-2 60,000 203,700 No defects—in weld zone 
265-4 54,960 153,300 ‘‘Flat spot’’ weld defect 
1/, in. long and full 
specimen thickness 
from which failure pro- 
gressed to outer edges 
of specimen (Fig. 28 
263-3 54,960 122,100 “Flat spot’? weld defect 
3/, in. long and full 
specimen thickness 
from which failure pro- 
gressed to outer edges 
of specimen (Fig. 28) 
Above 10,081,500 No failure 
383,000 Weld defect '/. in. long 
and full specimen thick- 
ness (possibly several 
inclusions) from which 
failure progressed to 
outer edges of speci- 
men (Fig. 28) 
1,484,000 Weld-zone failure start- 
ing from small weldline 
inclusion near surface 
at center of specimen 
and progressing to 
outer edges (Fig. 28) 


263-1 49,900 
263-10 45,000 


253-6 45,000 


hg Lab. Stress, Cycles Remarks, 
= No. Psi. to Failure Location of Failure 
254-5 168,500 Static tension In weld zone 
F _ 204-10 176,000 Static tension In weld zone 
lable 6 summarizes tests of specimens reinforced 10% 254-1 107,600 4,300 No defects—in weld zon 
on one side only, in the region of the weld. Table 7sum- | 254-2 88,000 18,400 Failure 1°/s in. fron 
marizes tests of specimens reinforced 10% on each side, st in unaffect: 
in the region of the weld. . : 254-4 71,400 52,400 No defects—in weld zon 
Figures 19 through 25 present these data-graphically, 254-9 58,400 94,000 
in the form of S-N curves. Figure 22 shows S-N curves 254-5 52,600 156,000 No defects—in weld zon 
. . 72 ¢ ste re one 
for all flush-ground specimens tested in the normalized alk mye aye No defects—in weld z 
and drawn condition. Figure 23 shows similar curves for 954.4 37 400 685,000 
all flush-ground specimens tested in the heat-treated con- 254-7 26,900 Above 10,000,000 No failure 
dition. 
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Fig. 19—Results of Plate-Bending Fatigue Tests on Unwelded 
Flush-Ground Control Specimens 


Discussion of Results 


The flush-ground plate-bending fatigue specimen was 
designed so that the stress distribution was relatively 
uniform for some distance on either side of the maximum 


Table 5—Heat Treatment, Static-Tensile Strength, and Re- 
sults of Plate-Bending Fatigue Tests on Specimens Heat 
Treated After Welding 


A. Specimens Normalized and Drawn After Welding 


These specimens were normalized at 1700° F., flash welded, a 
again normalized at 1700° F. and drawn at 850° F. for 120,000 | 
nominal U.T-.S. after flash welding. The static-tension test spe 
mens were reduced to 0.187- x 2.00-in. cross section. The fatigu 
specimens were flush ground on both sides to '/, in. thickn 
(See Fig. 18 (A).) 


Weld Maximum 
Lab. Stress, Cycles 
No. Psi. to Failure 


Remarks, 
Location of Failur: 


252-2 113,500 Static tension In weld zone 

252-10 113,500 Static tension In weld zone 

252-4 89,760 17,600 No defects—in weld zo: 

252-2 78,500 34,700 No defects--—in weld zo 

252-3 66,600 55,100 No defects—in weld zon 

252-1 54,280 342,700 Possible defect—in w 
zone 

252-7 40,400 831,400 Possible defect-——in w 
zone 

252-9 34,000 1,189,300 Possible excess decarbut 
zation—in weld zon 

258-1 31,800 2,497,500 

258-6 27,800 Above 10,030,000 No failure 


B. Specimen Heat Treated After Flash Welding 
These specimens were normalized at 1700° F. before flash weld 
ing. After flash welding, they were quenched from 1600° F. into 
oil, and then drawn at 910° F. for 190,000 psi. rominal U.TS 
The static-tension test specimens were reduced to 0.187- x 2.00-in 
cross section. The fatigue specimens were flush ground on both 
sides to '/, in. thickness. (See Fig. 18 (A).) 
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UTS (169, 500851) 
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Fig. 20—Results of Plate-Bending Fatigue Tests on Flush- 
Ground Specimens Heat Treated Before Welding 


stress line at which the weld was located. Figure 26 
shows the stress distribution, calculated from the applied 
moments and the cross-sectional area of the specimens, 
for flush-ground specimens without reinforcement, Fig. 


IS (A). The stress-coat patterns of Fig. 27, obtained 


- 


Table 6—Heat Treatment and Results of Plate-Bending Fa- 
tigue Tests of Specimens Reinforced on One Side 


A, Specimens Normalized and Drawn After Welding 
One Sid 


Reinforced 


These specimens were normalized at 1700° F. before welding 
After flash welding, they were again normalized at 1700° F. and 
drawn at 850° F. for 120,000 psi. nominal U.T.S. The fatigue 

cunens were ground flush on one side and with 10°, reinferes 
ment on the other side See Fig. 18 (B They were accidentally 
ground to reduced thickn Static tests were not made on thes 
reinforced specimen see Table 5 (A) for static properties of 
equivalent flush ground specimens (without reinforcement 


Weld Maximum 

Lab mtress, Cycles 

No. Psi.* to Failure 
84,700 114,500 

258-5 60,000 552,900 
Above 10,000,000 
$4,900) Above 10,043,000 


Remarks, 
Location of Failure 


In unaffected parent metal 
In weld zone 

No failure 

No failure 


* Stress calculated for unreinforced (flush ground) specimen, 
with same applied load, of standard thickness. 
B. Specimens Heat Treated After Welding—Reinforced One Side 

These specimens were normalized at 1700° F. before flash weld 
ing. After flash welding, they were quenched from 1600° F. into 
oil, and then drawn at 910° F. for 190,000 psi. nominal U.T.S 
The fatigue specimens were ground flush on one side and with 
10°, reinforcement on the other side. (See Fig. 18 (B Static 
tests were not made on these reinforced specimens. See Table 
5 (B) for static properties of equivalent flush ground specimens 
(without reinforcement 


Maximum 
Weld Stress, 
Lab. No Psi.* 


257-2 88,000 


Cycles 
to Failure 
80,800 


Remarks, 
Location of Failure 
Weld-zone failure re 
vealed small weld 
defect about in. 
long and in. 
thick 
70,000 
60,000 
50,000 


169,400 

214,300 

407,800 Weld-zone failure re- 
vealed small weld 
‘defect about '/, in. 
long and '/.the speci- 
men thickness 

Above 10,403,000 No failure 

Above 10,140,700 No failure 


Specimen unbroken by Test (a) was reloaded in Test (). 


44,000 
40,100 


* Stress calculated for unreinforced (flush ground) specimen with 
same applied load. 
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Table 7—Heat Treatment and Results of Plate-Bending Fa- 
tigue Tests of Specimens Reinforced on Both Sides 


Specimens Normalized and Drawn After Welding +-Reinforced 
Sides 


These specimens were normalized at 1700° F. bef welding 
After flash welding, they were again normalized at 17 ., and 
drawn at 850° F. for 120,000 psi. nominal U.T.S 
specimens were ground with 10°) reinforcement on each side 
See Fig. 18 (C Static tests were not made on these reinforced 
specimens See Table 5 (A) for stati properties 
flush-ground specimens (without reinforcement 


latigue 


of equivalent 


Maximum 
Weld St re 
Lab. No. Psi.* 


255-4 (b) 


ycles 


to Failure 


Remark 
Location of 
95,000 
$5,000 


40,000) 


20,100 7 in. outsi 
51,400 in. out 
195,100 in. out 
519,700 In weld zon 
814,200 In weld zone 
1,824,400 In weld zone 
10,247,200 No failure 


Specimen unbroken in Test (a) was reloaded in 


55.000) 
5O000 
5O.000) 


$5,000 


* Stress calculated for unreinforced (fli 
same applied load 
t Specimens of this group were initially bent 


machining and grinding the 


ish ground 


remforcement I<] 
gage measurements indicated that clamping the 
fatigue testing machine introduced an initial str 
6000 psi. or mort 


listed above 


Consequently, the equivalent 
and plotted in Fig. 24 are lower 
might have been obtained with specimen 


bending 


B. Specimens Heat Treated After Welding 


Sid 


These specimens were normalized at 1700° | 
After flash welding, they were quenched fron 
then drawn at 910° F. for 190,000 psi. nominal UJ 
specimens were ground with 10 
(See Fig. 18 (C 
specimens. See Table 5 (B) for static properti 
flush-ground specimens (without reinforcement 
Cyc les 
to R 
Failurs Location 

19,200 

83,100 
136,100 


reiniorcement 


Static tests were not made on t 


Maximum 

Weld Stres 
Lab. No. Psi.* 
260 5 
260-2 
PHOS 
260-4 


101,500 
§2,000 
70,000 


Outside reinforcer 
Outside reinforcer 
Outside reinforcen 


3,374,900 Outside reinforcement 


62,000 $4,170,000 Outside reinforcemer 


* Stress calculated for unreinforced (flush-ground) specimen with 
same applied load 


when specimens were loaded in the plate-bending fa 
tigue machine, confirm the relatively uniform stress 
condition. Included in Fig. 26 are typical hardness sur 
veys across flash welds, showing that the weld zone, in 
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Results of Plate-Bending Fatigue Tests on Flush- 
Ground Specimens Heat Treated After Welding 
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Fig. 22—-Comparison of Fatigue Properties of Flush-Ground 
Specimens Normalized for 120,000 Psi. U.T.S. 


which material properties are affected by the flash weld, 
lies within the region of nearly uniform stress. 

These test results lead to the conclusion that, in the 
case of a flat plate, the flash weld lowers the reversed 
bending-fatigue strength of the specimen. In no case 
was the fatigue strength of the flash-welded plate as high 
as the strength of the unwelded control specimen, regard- 
less of the heat treatment before or after welding. Re- 
inforcment of the order of 10% or more on each side of the 
specimen is required to bring the fatigue load-carrying 
properties of the welded and heat-treated plate up to 
those of the unwelded heat-treated plate. Similar re- 
inforcement of specimens normalized and drawn after 
welding raised their fatigue load-carrying properties; 
however, the data are inadequate for further conclusions. 

The plate specimens were weakened by apparently 
perfect flash welds, but, when extensive flash-weld defects 
were present, the bending fatigue strength was lowered 
even further. Figure 28 shows the fractured surfaces of 
the welds listed in Table 4 (B) (Group 263 of Figs. 20 and 
23). Several of these specimens, all of which were heat 
treated before welding and tested as-welded, contained 
extensive weld-zone defects. These defects were, for the 
most part, large-area ‘‘flat spots,’ a type of defect which 
occurs in production flash welding. Each specimen con- 
taining such an extensive defect failed at a lower life than 
corresponding specimens which had no defects. Not 
only was the specimen life reduced by more than 50%, 
but the endurance limit was also descreased by somewhat 
more than 10% in these defective specimens. However, 
these specimens represented an extreme case in which the 
relative area of defect was increased by the reduction in 
thickness of the specimen. ‘Flat spots’ occurring in 
production flash welding with less area at the weld 
plane might be expected to have correspondingly less 
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Fig. 23—Comparison of Fatigue Properties of Flush-Ground 
Specimens Heat Treated 190,000 Psi. U.T.S. 
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influence upon the fatigue properties of the weld. Speci. 
men 263-8, for example, contained two small ‘pene. 
trator’ type weld defects, yet had a fatigue life compa. 
rable to welds with no visible defects. 

Heat treatment after welding did not improve the re 
versed-bending fatigue properties of these flash-welded 
plate specimens. In the range of lifetimes below 10° cy- 
cles, normalizing and drawing after welding did not 
change the bending-fatigue strength of specimens which 
had been normalized and drawn before welding, Fig. 22. 
It apparently lowered the endurance limit somewhat. 


T T 
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Fig. 24—Effect of Reinforcement Upon Fatigue Properties of 
Specimens Normalized and Drawn After Welding 
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Fig. 25—Effect of Reinforcement Upon Fatigue Properties of 
Specimens Heat Treated for Nomina! 190,000 Psi. U.T.S. After 
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Fig. 26—Stress Distribution in Flush-Ground Plate-Bending 
Specimen and Typical Hardness Profiles of Flash Welds 


Specimens heat treated to a nominal 190,000 psi. ultimat« 
tensile strength after welding had lower fatigue strength 
than specimens heat treated to a nominal 190,000 ps! 
ultimate tensile strength before welding. The reduction 
in bending fatigue strength was comparable to that r 

sulting from the presence of severe defects, Fig. 25. ‘Thi 
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Fig. 27—Stress-Coat Patterns of Flush-Ground (A) and Reinforced (B) Flash-Welded 
Plates Loaded in Plate-Bending Machine. Note Uniform Stress Condition in Weld 


Region of (A) 


endurance limit appeared to have been lowered by nearly 
30%. 

In the case of flash-welded plates tested as described, 
heat treatment after flash welding seemed to lower the 
fatigue strength of the specimen. This is in distinct 
contrast to the results obtained in rotating-beam tests of 
flash-welded round bars, described in the first part of this 


paper, in which it was found that 
heat treating after welding restored 
the fatigue strength of the joint to 
that of the unaffected metal. No 
good explanation has been found for 
this apparent anomaly. 

The reduction in thickness from 
0.250 in. as heat treated and welded 
to 0.125 in. as tested, had the effect 
of removing entirely the decarburized 
zone at the surface of the specimens. 
Therefore, decarburization cannot 
account for the observed decrease 
in bending-fatigue strength of flash 
welded plates below the rotating 
beam fatigue strengths of similarly 
flash-welded solid bars. 

In addition, as shown in the macro 
graph of Fig. 29, this reduction in 
thickness removed, toa great extent, 
the outbent-fiber condition commonly 
present in flash-welded plate. Tests 
have shown that avery prominent out 
bend-fiber condition lowers the rotat- 
ing-beam fatigue strength of flash 
welded round bars by very little.* 
Consequently, it seems improbable 
that the minor outbent-fiber condition 
present in the flash-welded plate spect- 
mens caused the welds to be weaker 
in bending fatigue than the unaffected metal. 


Conclusions 


Bending-fatigue tests made on flash-welded S.A.E. 
1130 steel plates, under conditions in which surface de 


* Progress Report No. 2 on Project NRC-559, Fatigue Properti f Flash 
Welds, Oct. 15, 1944, to Jan. 15, 1945, Appendix A 
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Defeie Cycles Defects 


100,100 21,200 Two small 
penetretors 


Spec. 


74,800 70, 300 


No defects 


60, 000 No defects 


Flat snot 
1/2" long 


54,960 


5; , 960 122,100 Flat spot 


3/8" long 
No failure 


49,900 <10,081,500 


45,000 383,000 Flat spot 
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clusion 


Fig. 28—Fractured Surfaces of Plate-Bending Fatigue Specimens of Group 263 (Heat Treated Before Flash 
Welding). Defective Specimens Nos. 3, 4, 6 and 10 Had Lower Fatigue Strength Than Sound Welds Such 


as Nos. 1, 2, 7 and 8. 


(See Fig. 20) 
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Fig. 29—-Macrograph of Section Through Flash-Welded Plate, Showing Outbent Fiber. Contour of Plate- 
Bending Fatigue Specimen Has Been Superimposed, Showing Extent to Which Outbent Fiber Is Eliminated 
by Grinding to Reduced Thickness 


carburization and extensive outbent-fiber conditions 
were eliminated, indicated that the flash weld did lower 
the bending-fatigue strength of the plate. Heat treat- 
ment after welding did not restore the strength of the 
flash-welded joint to that of the unaffected metal; 
in fact, specimens heat treated after welding were weaker 
in bending fatigue than those in the as-welded condition. 
The presence of extensive weld defects lowered the fatigue 
strength and the endurance limit of some specimens 
below the values characteristic of good welds. Reinforce- 
ment raised the fatigue load-carrying properties of the 
flash-welded plates. 


Part III—Tests on Flash- 
Welded Tubes 


The rotating-beam endurance of small flash-welded 
bars was reported in Part I, where it was found that the 
endurance was generally proportionate to the hardness 
and tensile strength, and thus that the endurance of the 
flash weld could be made equal to that of the unwelded 
material by heat treating after welding. 


Part II reported results of reversed bending fatigue _ 


tests on flash-welded plates. . It was found that the en- 
durance of plates in this test was seriously reduced even 
by apparently sound welds, and that heat treatment after 
welding did not result in so good an endurance as did 
heat treatment before welding. 

The present section describes fatigue tests on flash- 
welded S.A.E. 4130 tubes and simulated tubes about | in. 
O.D. 
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Fatigue Tests on Flash-Welded Tubes 


e and Nature of Tests 


difficult to predict the fatigue properties of flash- 
tubes from the results of fatigue tests on speci- 


(A) 


SIMULATED TUBE SECTION AFTER WELDING, AND 
DURING POST-WELDING HEAT TREATMENT 
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FATIGUE TESTING MACHINE 
Fig. 30—-Flash-Welded Tube Fatigue Test Piece 


NOVEMBER 


Tal 


inte 
Pe S 
/ the 
the 
4 wel 
The 
4 tre: 
hea 
Thi 
. 
out 
wel 
the 
ma 
sca 
any 
jus 
Sat 
ind 
use 
tor 
enc 
ROUNDED FLASH WELD 
AND POLISHED 0.101" 
WALL 
We 
— 
1 
194 


ash- 
eC I- 
e of 


LO 


IBER 


internal flash on the fatigue strength is unknown. 

Such tests present experimental difficulties in view of 
the possibility of failure from gripping stresses. Accord- 
ingly, preliminary tests were run to develop a satisfactory 
specimen design. Two types of specimen were tested, 
but the actual fatigue tests have been sufficient only to 
afford a preliminary survey of the problem. 


Tests on Flash-Welded Simulated Tubes 


Specimen Design and Preparation.—To avoid grip 
failure in fatigue tests, it is common practice to reduce 
the center section of the test piece. Such reduction is 
difficult for tube sections. Accordingly, solid 1-in. 
round bars were so machined and welded as to give a test 
piece having a thin-walled central section (containing the 
flash weld) but relatively solid grip sections. 

Figure 30 (A) shows the simulated tube section used. 
Preliminary tests on specimens with the indicated taper 
for the reduction in wall thickness all failed in the center 
section at or near the flash weld. Figure 30 (B) shows 
the finished test piece ready for mounting in the testing 
machine. This will be discussed in more detail later. 

The simulated tube specimens for this phase of the 
investigation were made by machining 1-in. round S.A.E. 
4130 bar to the shape shown in Fig. 30 (A) and then flash 
welding. All bars were first normalized at 1700° F. 
The bars to be welded and tested without further heat 
treatment were drawn after normalizing. Those to be 
heat treated before welding were quenched and drawn. 
The simulated tube shape described above was machined 
out of the normalized or heat-treated bars, which were 
welded, and any postwelding heat treating specified was 
then done on the welded specimens. Before welding, all 
material was grit blasted to remove any heat-treating 
scale, and then washed in carbon tetrachloride to remove 
any oil, dirt or foreign material. 

Several trial specimens were made to check the ad. 
justments on the flash-welding machine, and to see that 
satisfactory welds were being made. Preliminary tests 
indicated that the welding schedule (bottom of Table 8) 
used for fabricating the fatigue specimens was satisfac 
tory. 

During welding, considerable difficulty was experi 
enced in maintaining perfect alignment of the work. This 


was probably due to the eccentricity of the rolled surface 
of the bar which, combined with the normal tolerance 
variation of the machine, produced an offset in some spect- 
mens as high as 10%. The effect of this offset is fur- 
ther described in the body of this report. 

Static tension tests were made on two simulated tube 
specimens from each of the heat-treatment groups to 
check the strength and quality of the welds. All speci- 
mens failed adjacent to the weld, indicating that the 
weld with the flash intact was satisfactory and stronger 
than the unaffected material. Control tension specimens 
for each heat treatment were made from a l-in. round 
bar that was reduced in section to a diameter of 0.750 in. 
The results of these tests are given in Table 8. 

Examination of Simulated Tube Specimens.—Table 8 
shows the static-failure load values for flash-welded 
tubes. Stress values, based upon approximate cross- 
section area, are reasonably close to the values for the 
tensile bars, with one exception. The value (252,000 
psi.) for tubes quenched and drawn after welding is quite 
high. 

One specimen from each group was sectioned and 
given a hardness check. Table 9 shows the results. 
The high-hardness value for the specimen quenched 
from 1600° F. and drawn at 550° F. after welding, affords 
correlation with the high-tensile test values for specimens 
of this group. It appears necessary to conclude that the 
specimens quenched and drawn after welding received 
an effectively different heat treatment from those 
quenched and drawn (at the same temperatures) before 
welding. 

Since the material quenched and drawn before welding 
was quenched as l|-in. diameter solid bar, while that 
quenched after welding had a hole all the way through, 
in addition to having a thin wall only 0.1 in. thick over 
the major portion of its length, the disparity in hardness 
and tensile strength between the two groups is not sur 
prising. 

Finally, many specimens were checked for the amount 
of offset of the two halves produced by inconsistent 
alignment during welding. One end of the specimen was 
mounted in a vee block. The specimen was rotated 


slowly, and the motion of the other half at a point just 
beyond the weld measured with a dial indicator. Half 


Table 8—Static Tension Tests of S.A.E. 4130 Solid-Bar Control Specimens and Flash-Welded Simulated Tubes | x 0.101-In 
Wall Thickness Heat Treated to Various Strengths 


Weld - Heat Treatment 


Before Welding 
Norm. at 1700° F 


Lab. No 


Control Tensile Test N.D.-1 Drawn at 


Pieces N.D.-2 850° F. 
Q.D.-1 Norm. at 1700° F. Quenched 
)..-2 from 1!600° F. Drawn at 
550° F. 
Welded Test Speci- 277-4 Norm. at 1700° F. Drawn at 
mens 277-10 850° F 
275-5 Norm. at 1700° F. Quenched 
275-10 from 1600° F. Drawn at 


550° F. 


276-5 Norm. at 1700° F 
276-10 
278-5 Norm. at 1700° F. 
278-10 


* Specimens reduced from 1 in. to 0.75 in. tor 3-in. length 


t Cross-sectional area of simulated tube section, 1 in. in diameter and with a wall thickness of 0.101 in ,is 0 


Welding Schedule: 
Burn off 
Upset 
Material lost..... 


Unwelded 
Inwelded 


~ 


FATIGUE PROPERTIES OF FLASH WELDS 


Ultimate 
Tensile Strength 

After Welding Lbs Psi 
51,100 
51,000 115,500* 


Location of 
Fracture 


Unwelded 79,600 180,000* 

Unwelded 80,300 182,000* 

None 32,000 112,000t Adj. to weld 
None 32,000 112,000¢ Adj. to weld 
None 19800 174,500F Unaffected tube 
None 17,200 §=165,000t Unaffected tube 


Norm. at 1700° F Drawnat 31,600 110,500t Unaffected tube 
85° F 32,000 112,000f Unaffected tube 
Quenched from 1600° F. 66,100 230,100¢ Unaffected tube 
Drawn at 550° F 67,000 234,500¢ Unaffected tube 
Cross-sectional area = (0.442 sq. in 
286 sq. in 
25 in Trans. tap L-2 
19 in. Sec. flashing voltage .. 6.6¥ 
0.44 in. Short-circuit current 2 cycle 
3 sec. Final die opening 0.37 in 
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1.5 EACH SIOE OF WELD LINE. 


| TUBE DIAMETER 
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A. INSIDE FLASH AND DECARBURIZED SURFACE REMOVED. 


EXCEPT AS INDICATED. 


5. INSIDE FLASH AND DECARBURIZED SURFACE INTACT. 


Fig. 31—Dimensions of Flash-Welded Tube Specimens for Rotating-Beam Fatigue Tests 


Table 9—Vickers Hardness Values for Flash-Welded Tubes 


wy 


< 


Section of Specimen Showing locations 
at Which Hardnesess Were Measured 


Diamond Pyramid Hardness Values * 
Point Point Point Point 
Before Welding After Welding a 3B c D 
Norm. 1700°F. Yone 260 260 25¢ 550 
Drawn 850°F. 
Norm. 1700°F, None 360 390 350 560 
Quenched from 1600°F, 
Drawn 550°F, 
Worm. Born. 1700°F, 260 260 260 260 
Drawn 50°F, 
Yorn, Yoru, 1700°F. 540 530 550 550 
Quenched froa 1600°F, 
Drawn 550°?, 


* Load 30 Kg, Diamond Penetrator 


Table 10—Fatigue Test ~—- for Flash-Welded Simulated 
u 


Normalized and Drawn to Nominal 115,000 Psi. Before Welding 


Speci- Load (Bending Moment), Cycles to 
men No. Offset, In.* In.-Lb.t Failure 
277-11 0.008 3400 27,000 
277-4 0.008 2700 25,000 
277-12 0.012 2300 66,000 
277-1 0.008 2000 49,000 
277-6 0.008 1700 131,000 
277-2 0.008 1500 673,000 
277-8 0.008 1300 133,000 
277-9 0.014 1300 551,000 


277-3 0.008 1200 
* Approxmate maximum eccentric offset of two sections after 
welding. (See text) 
t Measured moments corrected for weight of face plates and 
specimen. Nominal surface stresses, in psi., are approximately 17 
times these values. 


Over 6,000,000 


Table 11—Fatigue Test Results for Flash-Welded Simulated 
Tubes 
Heat Treated to Nominal 189,000 Psi. Before Welding 


Load (Bending Moment), Cycles ti 
Fail 


Specimen No. Offset, In.* In.-Lb.t Failur 
275-6 0.012 3000 27 00K 
275-1 0.020 2500 $8,000 
275-7 0.009 2000 90,00) 
275-11 0.017 1800 RO 
275-2 0.012 1700 168.000 
275-3 0.025 1500 142,00 
275-8 0.007 1300 569,00 
275-4 0.010 1200 825,00) 
275-12 0.020 1100 379 (WM 
275-16 0.020 1100 551,000 
275-13 0.020 1100 539,06 


* Approximate maximum eccentric offset of two sections aft 
welding. 

t Measured moments corrected for weight of face plates ai 
specimen. Nominal surface stresses, in psi., are approximately 17 
times these values. 


Table 12—Fatigue Test Results for Flash-Welded Simulated 


Tu 


Normalized and Drawn to Nominal 115,000 Psi. After Welding 


Speci- 

men Load (Bending Moment), Cycles to 
No. Offset, In.* In.-Lb.t Failure 
276-1 0.005 3600 13,0007 
276-3 0.007 2000 54,0007 
276-8 0.008 2500 147, 
276-7 0.008 2000 1970) 
276-2 1750 583,00) 
276-4 1600 641,0007 
276-9 0.008 1400 1,258,' 
276-12 0.003 1200 Over 5,587 


* Approximate maximum eccentric offset of two sections a!te! 
welding. 

t Measured moments corrected for weight of face plates 
specimen. Nominal surface stresses, in psi., are approximate! 
times these values. 

t These specimens failed at the reduction in wall thickness. A! 
others failed near the flash weld. 
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Fig. 32—-Fatique-Testing Machine with Flash-Welded Tube Specimens 


of the indicated motion was taken as a measurement of 
offset eccentricity (after noting that this was large com- 
pared to the out-of-round variation). These values are 
given in the tables of fatigue test results. Unfortunately, 
the average offset eccentricity was high (about 0.011 in.). 
It was judged unreasonable to grind the external flash 
flush with the surface, or to grind off all decarburization, 
since such grinding would have produced excessively thin 
spots in the walls. Accordingly, the external flash was 
ground (with the specimen mounted on the original cen 
ters made when machining the separate halves) so the 
flash was '/¢4 in. above the nearest wall, Fig. 30 (B). 
Fatigue Testing Procedure.—Figure 32 shows a photo- 
graph of the fatigue testing machine with one of the tube 
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Fig. 33—Load-Life Curve for Flash-Welded Tubes. Group 
277—Normalized and Drawn to Nominal 115,000 Psi. Before 
Welding 
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Fig. 34—Load-Life Curve for Flash-Welded Tubes. Group 
275—Heat Treated to a Nominal 180,000 Psi. Before Welding 


specimens mounted. This machine 
loads a specimen with a constant 
bending moment in a manner like 
that of the familiar R. R. Moore ma- 
chine. Only one feature in the pres- 
ent tests differed from the descrip- 
tion given in the Baldwin-South- 
wark literature on this Model SF- 
1OR machine. 

The manufacturer's method of 
mounting specimens (by a press fit 
of each end into a face plate) was 
found unsuitable for the tubular test 
pieces. The mounting method fin- 
ally adopted in the present tests 
was as follows: Tapered bushings 
were inserted (with a tight press fit) 
into the face plates furnished with 
the machine. The test piece, ta- 
pered as shown in Fig. 30 (B), was 
firmly drawn into each face plate 
by a nut over the threaded por- 
tion of the test piece, and bear- 
ing against an inset ground on 
the inner face of the attachment 
face plate. It was found necessary , 
to use a left-hand thread on the 
drive end and a right-hand thread on the driven end to 
prevent loosening during the testing. It was also found 
that a thin (0.005 in.) copper shim between the tapered 
parts of the test piece and the bushings prevented fret- 
ting corrosion. With these two precautions, the mount- 
ing arrangement worked exceedingly well. 

Load values applied were read directly in terms of 
bending moment (after suitable small correction for the 
constant dead-weight forces of grips and specimens). 
Tests were run in terms of bending-moment load values. 

Attempts were made to compute the surface stresses. 


BENDING MOMENT POUNDS) 


ES TO Ff 


Fig. 35—Load-Life Curve for Flash-Welded Tubes. Group 
276—Normalized and Drawn to About 115,000 Psi. After 
Welding 


Table 13—Fatigue Test Results for Flash-Welded Simulated 
Tubes 


Heat Treated to Nominal 180,000 Psi. After Welding 


Cycles to 
Failure 

30,000 

100,000 
217,000 
198,000 
774,000 

Over 2 207 
Over 5,435,000 


Speci Load (Bending Moment), 
men No. Offset, In.* In.-Lb.t 

0.018 4000 

278-1 0.014 3000 

278-8 0.009 2300 

278-11 1900 

278-7 0.013 1600 

278-12 1300 

278-2 0.006 1100 


* Approximate maximum eceentric offset of two sections after 
welding. 

t Measured moments corrected for weight of face plates and 
specimen. Nominal surface stresses, in psi., are approximately 17 
times these values 
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Fig. 36—Load-Life Curve for Flash-Welded Tubes. Group 


278—Heat Treated to a Nominal 180,000 Psi. After Welding 


For an ideal cylindrical tube of constant wall section 
with no stress raisers present, the surface stress is given 
by 
Me 32MD 
Surface stress (psi.) = —- = - —- = kM 

where WV is the bending moment (inch-pounds), D and d 
are respective outside and inside diameters (inch). Di- 
ameters measured after fracture near the apparent start 
of fatigue cracks of simulated tubes varied within the 
following limits: 


D = 0.990 in., d = 0.807 in. 
D = 1.000 in., d = 0.780 in. 


These give values of k from 18.7 to 16.1. Roughly then 
the nominal maximum surface stress was about 17 times 
the bending moment applied. 

Failure always implied the production of a visible fa- 
tigue crack through a portion of the wall. Some speci- 
mens were not run to complete separation of the two 
halves, since this occasioned difficulty in maintaining load 
and excessive vibration of the machine. Tests showed 
that the additional number of cycles, from the time of an 
externally visible crack to complete circumferential fail- 
ure, was insignificant. 

Fatigue Test Results —Tables 10, 11, 12 and 13 show 
the results of the fatigue tests. Figures 33, 34, 35 and 36 
show load-life curves plotted from these results. Several 
observations deserve note: 

1. For specimens heat treated to a nominal 108,000 
psi. before welding, results are particularly incomplete. 
This is largely due to the presence among this group of 
many specimens with large offset which did not permit 
good tests. 

2. Many of the specimens, normalized and drawn to 
a nominal 115,000 psi. after welding, failed at the inter- 
nal reduction in section. Examination of specimens has 


not shown any reason why such failure should be preva- 
lent for this particular group. 


It seems safe to suppose 


Fig. 37—Typical Fatigue Failures of Flash-Welded Tubes 


Upper Specimen: Failure Near Weld 
Lower Specimen: Failure Near Reduction in Section 


614-s 


that the load-life curve, representative of the weld, would 
be at least as high as that indicated in Fig. 35. 

3. Comparison of the load-life curves shows more 
scatter in the results for specimens tested as-welded than 
for those heat treated after welding. 

4. Comparison of all four load-life curves shows no 
certain variations of endurance limit with heat treatment. 
It does appear, however, that specimens heat treated 
after welding have longer lifetimes at high loads than do 
specimens heat treated before welding. 

5. As has been noted, stress values are uncertain. 
Roughly, all four specimen groups show an enduranc 
limit of about 22,000 psi. 

From visual inspection, only two locations of failure 
were noted. By far the most common failure was a 
fatigue crack, apparently originating at the outer surface, 
in the heat-affected region of the weld. For one group 


(a) Normalized and drawn at 850° F. 
tatic strength about 112,000 psi. 


(b) CQuenched and drawn at 550° F. 
Static strength about 170,000 psi. 


Fig. 38—Fatigue Cracks in Flash-Welded Tubes Heat Treated 
Before Welding and Tested As-Welded 


Burn off: 

Total Manual 7/32 in. 

Total Automatic 20/59 in. 
Upset 
Total Material Lost 1*/i¢ in 
Automatic Welding Time 15 sec. 
Lap .... 
Primary Voltage eo 440 volts 
Short-Circuit Current Setting. ... 30 cycles 
Final Die Opening 1 in. 
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from the number of cycles to failure with these speci- 
mens; instead, it was hoped that it would be possible to 
determine from the fractures whether failure started 
at or was influenced by the presence of the inside flash. 

Fatigue Test Results —The testing procedure was es- 
sentially the same as that already described for the flash- 
welded simulated tubes. 

The conditions of heat treatment, specimen wall thick- 
ness and testing, and the results of the rotating beam 
fatigue tests on these flash-welded tube specimens, are 
presented in Tables 15 and 16. 

_ The flash-welded tubes used in these tests were welded 
with a '/4-in. thick wall. The tube wall was then 
machined to thicknesses between 0.162 and 0.075 in. 
before testing. (Variations from the dimensions of the 
drawing of Fig. 31 occurred in machining.) Conse- 
quently, the tubes had unusually prominent inside flash, in 
comparison with the final wall thickness. 

$y comparing the data of Table 16 with the results of 
the rotating-beam fatigue tests on simulated flash-welded 
tubes, it is evident that these specimens, welded and 
machined to more favorable conditions for fatigue test- 
ing, had generally higher fatigue strengths. 

In these few specimens, the tubes with the inside flash 
intact had, with one exception, higher fatigue strengths in 
terms of nominal maximum fiber stress (relative to the 
S-N curve for simulated flash-welded tubes) than tubes 
in which the inside flash and decarburized layer had been 
removed by machining an 0.038-in. layer from the inside 
tube surface. Without exception, the tubes with flash 
intact had longer lifetimes under a given applied bending 
moment than tubes of the same O.D. with inside flash 
and a decarburized zone removed. In the case of these 


tubes, the extensive inside flash apparently reinforced . 


and strengthened the welded tubes. The number of spe- 
cimens: tested was too small, however, to conclude that 
this is generally true for all flash-welded tubes. 


Discussion of Results and Conclusions 


In view of the number of variables likely to have af- 


(Continued from page 508-s) 


by Congress will aid the return to college 
of students whose sceintific and techno- 
logical education was interrupted by the 
war. Research Corporation grants will 


war research. 


fected the fatigue properties of flash-welded simulated 


that would be normally supported by Re- 
search Corporation grants have been laid tions 
aside in order to free men and facilities for 


Grants Made from Patent Revenues 


tubes, no conclusions of fundamental nature should be 


drawn. It seemed reasonable to find: 


1. Less scatter of results when specimens were heat 
treated after welding than when specimens were 
heat treated before welding. 

2. Generally, low stress values for any lifetime as. 

compared to values for unwelded stock. 

3. Failure starting in the heat-affected region. 

It was somewhat unexpected to find: 

4. No notable effect of heat treatment on the endur 
ance limit. 

». As little scatter as appeared (in particular for spe- 
cimens heat treated after welding). 


More tests will be needed to separate the effects of vari 
ous factors upon fatigue properties. 

Another point of view may be mentioned, however. 
All of the factors—rough surface, surface decarburiza- 
tion, offset, inner flash, ete.—may be considered as giving 
an effective stress concentration not unlikely to be real 
ized in practice. With such stress raisers present, a flash- 
welded tube may have an endurance limit correspond 
ing to 1300 inch-pounds of bending moment. Such a 
statement has so far been roughly justified only for tubes 
of S.A.E. 4130 steel, having about | in. O.D., a wall of 
about '/y in. and an offset of about 10°; of wall thick 
ness. However, additional tests might further justify 
such a limit and find similar limits for other cases. Such 
a procedure could afford practical information in ad- 
vance of the more fundamental but more difficult pro- 
cedure of investigating the importance of each separate 
factor. 

From the relatively few tests on flash-welded tubes, it 
appears that the prominent inside flash did not lower the 
rotating-beam fatigue test strengths. In most cases, the 
inside flash appeared to reinforce and strengthen the 
flash-welded tubes. In certain cases, however, the fa 
tigue failures started from the region of stress concentra 
tion the edge of the inside flash. 


of $1,279,637 in past years to 52 institu 
In recent years Research Corpora- 
tion has served universities by administer- 
ing inventions that may arise in their 
laboratories. 

To scientists of the Office of Scientific 


assist colleges in building research-minded 
staffs which will help train the students re- 
turning to colleges from the war, as well as 
the future contingents of students from 
our secondary schools in future years.” 
The grants are made by the fact that 
during the war years research programs 


Research Corporation was begun in 1912 
with the gift, through Dr. F. G. Cottrell, of 
patent rights on electrical precipitation, 
which is used for removing dust, fume and 
mists from industrial gases and from the 
atmosphere. From revenues derived from 
these and other patents it has made grants 
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Research and Development, Army, Navy 
and other war research agencies, the possi- 
bilities of these grants are being made 
known with an invitation to send applica- 
tions to Dr. Robert R. Williams, Research 
Corporation, 405 Lexington Avenue, New 
York 17, N. Y. 
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Oxygen 


Synopsis 


Considerable study of the welding of high-tensile steels in recent 
years has indicated that cracking may occur in the hardened zones 
of the base plate immediately adjacent to the weld. It has been 
shown by several investigators that certain types of weld metal, 
including highly oxidized ferritic types and austenitic weld metal, 
are largely immune from this cracking tendency. It has also been 
shown more recently that this may be related to the diffusible hy- 
drogen content of the weld metal. 

The main purpose of the investigation reported in this paper is 
to determine the relationship between the FeO content of weld metal 
and its total and diffusible hydrogen content 

It is shown experimentally that the total hydrogen content is 
slightly reduced, while the diffusible hydrogen content is con- 
siderably reduced, when the FeO content in the weld is increased. 
An attempt is made to explain these results theoretically on the 
basis of the data reported by Chipman (Transactions of the Amert- 
can Institute of Mining and Metallurgical Engineers, 125, 331 (1937)) 
for the system Fe-FeO-H,-H.O at temperatures above the melting 
point of iron, and from a discussion of the probable behavior of 
the hydrogen in solution after solidification of the weld. Lepp’s 
paper on the same subject (Journal of The Iron and Steel Institute, 
1940, I, 329) is also discussed and is shown to lead to similar re- 
sults for liquid iron. 

The influence of microcavities and of inclusions is discussed, 
with particular reference to the influence of the active FeO content 
of the inclusions. It is confirmed that the baking of an electrode 
at 350° C. will reduce the hydrogen content in the resultant weld, 
but attention is drawn to the simultaneous change in the oxygen 
content which may occur 


ONSIDERABLE attention is being directed at 

present in several laboratories to the measure- 

ment of the hydrogen content of weld metal. 
Partly this is due to the considerable theoretical interest 
of the problem of the effects of this element on carbon 
and alloy steels, but chiefly it arises from the very prac- 
tical and established fact of the influence of this gas on 
the cracking of welds, particularly in the hardened zones 
of welded high-tensile steels. 

It is impossible in this short paper to enter in great 
detail into the metallurgical aspects of the welding of high- 
tensile steels, which have been discussed very fully dur- 
ing the last few years.'~* A brief summary of the main 
results is necessary, however, for an understanding of the 
part played by hydrogen in the cracking which may 
occur when these steels are welded. 


Influence of Hydrogen in the Welding of High-Tensile~ 


Steels 


It was shown by Swinden and Reeve in one of the 
earliest of these investigations! that a most important 


* Received January 17, 1945, by the British Iron & Steel Institute and re 
printed with their permission 
t Appleby-Frodingham Steel Co., Ltd., Scunthorpe. 


The Relation Between the Hydrogen 
Content of Weld Metal and Its 


By L. Reeve' 
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factor in the welding of high-tensile steels was the 
marked tendency for serious hardening to occur in the 
plate metal immediately adjacent to the welds. Under 
conditions of restraint, serious cracking could occur in 
these hardened zones. Considerable study was devoted 
to methods of avoiding such cracking, and suitable 
welding techniques were evolved to this end. The two 
main lines of attack were: 


1. To reduce the degree of hardening below certain 
limits by suitable control of the steel analysis, 
and by the deposition of the heaviest runs o/ 
weld metal possible; and 

2. the development of suitable welding electrodes, 
relatively free from cracking tendency. 


In connection with the latter point, Swinden and 
Reeve! reported, and it has since been confirmed by 
several other investigators,’: * that two types of ele 
trodes produced welds which were relatively immun 
from cracking in the hardened zone even in severely 
restrained welded joints. These electrodes were: 

1. “Soft” or oxidized mild-steel electrodes; 

2. electrodes depositing fully austenitic weld metal 

of the high-nickel-chromium type. 


Soft electrodes were defined as those containing less 
than 0.10% of carbon, less than 0.30° of manganese 
and less than 0.05°% of silicon. A more exact definition 
is given later in this paper. 

It was suggested that the reason for the success o! 
these electrodes in preventing cracking was that the 
welds which they produced developed more favorable 
stress conditions on cooling. 

Very few accurate measurements of the stress cis 
tribution adjacent to welds in relation to type of electrod: 
have been carried out, but the little work that has been 
done to date (e.g., by Professor Hanson and his co 
workers’) on austenitic welds does not support the 
hypothesis that differences in this stress distribution are 
the main cause of the more favorable results obtained. 
It has been shown by Hopkin and other investigators’ 
that the tendency to produce cracking is influenced by 
the amount of moisture and other hydrogen-producing 
constituents in the coatings of the electrode. Thus, th« 
baking of electrodes at elevated temperatures usually 11 
proves their resistance to cracking, while the addition 0! 
moisture detracts from it. 

Ferritic electrodes have been designed with coatings 
low in sources of hydrogen, and are stated to show 4 
marked improvement as regards cracking tendency.’ 

It is therefore probable that cracking in the hardened 
zones of welded high-tensile steel is produced by a com 
bination of: 
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a) Hardened martensitic areas; 

\b) suitable stress conditions (which may produce 
initiating microcracks); and 

-) a flow of hydrogen from the weld into this hard- 
ened zone, where it produces sufficient internal 
pressure to induce major cracking. 

Austenitic welds are relatively free from cracking 
tendency, owing té the greater solubility of hydrogen in 
austenite (see Rollason’), while Hopkin® and others have 
shown that the sensitivity of austenitic weld metal varies 
between different types, depending upon their hydrogen- 
containing constituents. 

The freedom of dead soft or oxidized electrodes from 
cracking is ascribed to the presence of blowholes, which 
retain the hydrogen as molecular or nondiffusing hydro- 
gen, and also to the oxidation of some of the hydrogen to 
steam, the net result being a lower hydrogen content 
liffusing into the hardened zone. Diffusing hydrogen 
is regarded as being in the atomic form (Hopkin®). 

It will be seen that a broad basis for the hydrogen 
theory of cracking of the hardened zone of welds has been 
laid down, but greater quantitative information is ob 
viously desirable before it ‘can be said to be fully estab 
lished. 

It should be mentioned that the more oxidized weld 
metals are not only more immune to hard-zone cracking 

when welding high-tensile steels), but are also less sensi- 
tive to welding cracks associated with high sulphur and 
high carbon contents. A fuller discussion of this aspect 
of weld cracking (in which hydrogen does not necessarily 
play a controlling part), will be given by the author in 
another paper now in course of preparation. 


Hydrogen Determinations 


Some data on the hydrogen content of different types 
of electrodes have been reported by Rollason.’ A mere 
detailed report by Sloman and Rooney on four elec- 
trodes, including their oxygen contents determined by 
vacuum fusion and iodine extraction, is in course of 
preparation. 

The author, in conjunction with the Central Research 
Department of The United Steel Companies, has been 
carrying out similar determinations for several years, 
and the results for 12 different welds, graduated in 


accordance with their FeO content as determined by the 


Table 1— Oxygen, Nitrogen and Hydrogen Content of Welds 


fractional vacuum- 
fusion method,’: are 
presented in Table 1. 
The most oxidized 
pel Thermocouple electrodes, K, L, 
Gos evolved and A, are at the top 
Y, ; of the list and the 
cmen 
least oxidized ones at 
fect’ 
| the bottom. The 
were also determined 
‘Low - temperature 
Af 
GZ /" Dia, gos tube or diffusible hydro 
Y gen was measured 
VA, separately in each 
Mercury case by placing a pad 
. 
| of weld metal under 
j mercury in the ap 
paratus shown in 
> fi, Fig. | immediately 
lanneition 
Fig. 1—Apparatus for the Determina- Geposition, 


tion of Diffusible Hydrogen in Weld hic 


] | 
Metal 


proximately 6 cm 
long and 1.5 em. 
square, and weighed approximately 100 g. As far as 
possible, the conditions of welding the pad were standard 
ized as regards current, size of electrode and time in terval 
elapsing between the separate runs. Originally 


Was ap 


room 
temperature evolution only was measured, but as the 


later stages of this evolution are extremely slow, occupy- 
ing a period of many days, the practice finally estab- 
lished was to heat the specimen in the mercury to 230 
250° C. with the aid of the small electric furnace shown. 
Under these conditions, practically all the low-tempera- 
ture hydrogen is evolved within the first 5 hr., but as a 
precaution the specimen is allowed to cool overnight and 
heating is repeated on the following day for another 5 hr., 
making 10 hr. heating in all 

A vacuum heating apparatus similar to that described 
by Stevenson and Speight"! is now being installed, and, 
when completed, it is proposed to determine more ex- 
actly whether the volume of gas evolved in 10 hr. at 
250° C. is identical with that evolved at room tempera- 
ture over a much longer period. At present all that can 
be said is that the volumes are known to be approxt- 
mately equal. 


| All-Weld-Metal Analysis. Oxygen. | | On | 
| Nitrogen, 
Electrode Type 
C. | P. %. |Mm 8 | SL %. (MnO. %.'SI0,. lox ble, | Vacuum 
| %. | Fusion. 
|K, Dead soft 0-04 | 0-025 | 0-02 | 0-024 | Trace | 0-859 | 0-013 | 0-0035 | 0-0095 | 0-200 | 0-059 | 1-53 | 10-2 
| K, 0-04 0-02 Trace eae Trace | 
0-03 ese 0-02 wie Trace | 0-916 | 0-015 | 0-0055 | 0- 0015 0- 211 0-077 Trace 
0-03 | 0-025 | Trace| ... | Trace| ... Trace! ... 
A Soft P 0-04 0-034 0-14 0-036 | Trace | 0-723 | 0-0375 | 0-0095 0-0045 | 0-1 765 0-087 | 20 | 74 
B Soft class A 0-07 0-025 0-33 0-034 | 0-028 | 0-181 | 0-189 | 0-055 | 0-075 | 0-148 | 0-020 1-28 13-6 
|H, goneral pur- 
. ° 0-05 0-045 0-32 0-035 | 0-056 | 0-086 | 0-106 | 0-0165/ 0-013 | 0-058 | 0-053 — 6-1 
1G, @G eked at 350° Cc. 0-05 0-035 0-34 0-026 | 0-085 | 0-077 | 0-090 | 0-0155 | 0-009 | 0-0505 | 0-071 | 2-7 31 
C Class A, general pur- 
pose . 0-06 0-028 0-33 0-035 | 0-085 | 0-068 | 0-127 | 0-048 | 0-041 | 0-089 | 0-031 | 2-02 10-0 
| D Class A, butt-welds . 0-09 0-041 0-39 0-029 | 0-038 | 0-046 | 0-151 | 0-085 | 0-0125/ 0-095 (0-044 | 3:85 17-6 
@ Class A, general pur- 
pose . 0-05 0-035 0-40 0-023 | 0-132 | 0-036 | 0-122 | 0-032 | 0-011 | 0-0575 | 00-0425, 6-5 160 
F Class A, butt-welds . 0-08 0-030 0-29 0-040 | 0-118 | 0-024 | 0-124 | 0-042 | 0-020 | 0-0655 | 0-034 4°95 13-2 
|N Class A, high-tensile 
(Mo, 0-359%) 0-08 0-028 0-43 0-025 | 0-165 | 0-024 | 0-098 | 0-044 | 0-044 | 00714 | 0-019 6-4 14-0 


HYDROGEN CONTENT OF WELD METAL 
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In this connection, 

0-9 duplicate experi- 

. | ments on several 

0 | welds have been 
found to agree to 
within about 20°; of 

0-6 . the gas volume, 
ae | which, in view of the 
O's ahd known heterogeneity 


~~ of weld metal, must 
be regarded as fair 
agreement. It is 
| known that the upper 
0-2 part of a butt-welded 
joint, for example, 
1 contains more FeO 
— . and less hydrogen 

O 4 2 3 4 5 6 7 than the lower part of 
Dittusible hydrogen, Cc, per 1009. the same weld; weld- 
Fig. 2—Relation Between Diffusible ing conditions (e.g., 
Hydrogen and FeO Content of Weld current, arc length, 
Metal etc.) no doubt also 

influence the results 


° 


to some extent. 

With the exception of electrodes A, C and F, which 
were produced in the author’s laboratory, all the elec- 
trodes used are commercial types supplied by well-known 
manufacturers. 


Relation Between Hydrogen and Oxygen Content 


It will be noted that the hydrogen by vacuum fusion 
ranges from 6.1 to 17.6 cc. per 100 g., and that there is no 
very clear relationship between the total hydrogen and 
the total oxygen content, or between the total hydrogen 
and the FeO content, though on the average the most 
oxidized electrodes K, L, M and A, are lower in total 
hydrogen than the others. 

There is, however, a much closer relationship between 
the low-temperature or diffusible hydrogen (/7)D, and 
the FeO content of the steel, as shown in Fig. 2 and, ona 
larger scale (up to 0.20% of FeO), in Fig. 3. The rela- 
tion is approximately hyperbolic (FeO) & (//)D being 
very roughly a constant, as shown in Table 2. The four 
heavily oxidized electrodes, K, L, M and A, have been 
omitted from the table, as their exact (/7)D values are 
doubtful (see later). Qualitatively, however, their 
diffusible-hydrogen values are of the right order, being 
generally very low, in line with the high FeO content of 
these welds. 

Electrode B in Table 1 may be regarded as being at the 
limit of the oxidized type of electrode. In actual fact it 
is a well-known general-purpose electrode, not in the 
fully soft class, but known to be fairly immune in prac- 
tice from cracking difficulties, both in the weld and in the 
plate-hardened zone. Electrodes K, L, M and A are of 
the soft or dead soft type, and are capable of welding 
many high-tensile alloy and high-carbon steels (and also 
high-sulphur steels) without cracking. As already men- 
tioned, these completely oxidized types contain only 
small quantities of diffusible hydrogen, though still being 


0-20 analysis, was {ree 
from obvious poros- 
ity, and, as shown in 


Ors Table 1, gave no dif- 
fusible hydrogen 
whatever. 

Some complica- 
tions may therefore 
arise in distinguish 
ing between diffusille 

7 and total hydrogen in 


0-05 


x those cases where 
considerable weld 
porosity 1S present, 

It is probable, how- 
42 3 4 5 6 7 ever, that this will 
Dittusible hydrogen, C.c. per /00g, arise only in the ex. 
Fig. 3—Relation Between Diffusible treme case of fully 
Hydrogen and FeO Content of Weld oxidized electrodes. 
Metal. (Partof Fig. Larger Scale) practice these are 


likely to be less inn- 
portant than the partially oxidized electrodes similar to 
B and C, where porosity is relatively slight, and where 
this particular difficulty regarding the measurement of 
diffusible hydrogen content has not yet arisen. 

Further tests are now proceeding which may modi!) 
the above conclusions in detail, but the broad outline oj 
the relationship between the diffusible-hydrogen and 
FeO contents of weld metal seems to be fairly clear. |t 
is probable that a similar relationship applies to stecls 
made on a larger scale than weld metal, but further work 
will be necessary to confirm this. 


Theoretical Discussion of Results 


That some relation exists between the FeO content o/ 
steel and its hydrogen content has long been suspected 
A similar relationship in the case of oxidized copper has 
been known for some time (Allen and Hewitt'*), but : 
experimental confirmation has been established for stec! 
The nearest approach to a solution for steel has been pr 
vided by the experimental and theoretical work of Chip 
man and his collaborators,'*: '* which has been further 
amplified in a theoretical paper by Lepp.'® Unfortun 
ately, the methods of calculation used by the latter wer 
needlessly complicated, as was pointed out in the dis 
cussion on his paper, particularly by Phragmén. 


Hydrogen-Steam Equilibria over Liquid Iron 


It will be shown below that the quantity of hydroge: 
in liquid iron in equilibrium with FeO in solution can b: 
calculated by simple methods from Chipman’s equilil 
rium data and Sieverts’ law, both of which are based up 
experimental determinations. It will also be shown tha! 
Lepp’s equations, slightly modified, will give similar r 
sults. ° 


Table 2—Relation Between Diffusible Hydrogen, (H)D. 
and FeO Contents of Welds 


fairly high in hydrogen (determined by vacuum fusion). app PS. go 
It should be stated, however, that in one test on eléc- Electrode. FeO. %: | ‘per 100g. | (HDD. 
trode K, a small quantity of hydrogen (1.53 ec. per 100 2 e181 tae | ey 
g.) was evolved very soon after immersion uyider the mer- C 0-068 2-02 0-14 
cury, though a repeat test on another pad, gave zero 
hydrogen. The weld metal from this electrode was po- G 0-036 6-5 0-23 
rous, and it is possible that this hydrogen was actually F 9-024 4°95 0-12 
nondiffusible but had evolved from pores close to, or in ” aden “t = 
contact with, the surface. Average 0-18 
Electrode L, though equally soft as judged by chemical 
620-s WELDING RESEARCH SUPPLEMENT NOVEMBER 


Th 
two 
(1) 


(2) 


Ch 
brill: 
in th 


at li 
equil 


The 
circu 
troly 


Te 


1945 


| Fe 
’ ] 
at 
— 
| 


ER 


Table 3—Chipman’'s Data for Values of H./H,O Ratios 
Over Liquid Iron Containing Dissolved FeO 


Equilibrium Ratio H,/H,O at— 


FeO. %,. 


1700° C. 


SSSSER= 


The method of calculation employed is to make use of 
two sets of experimental data, viz.: 
(1) The data of Chipman and his co-workers!*: '4 on 
the equilibrium Fe-FeO-—H,-H,0; and 
(2) Sieverts’ data on the solubility of hydrogen in 
liquid iron, together with the related Sieverts’ 
law. 


Chipman and his co-workers have shown in a series of 
brilliant experimental investigations that equilibrium 
in the reaction: 


Fe cig.) + H2O (ers) FeOuig.) + Ho(gas) 


at liquid-iron temperatures is governed by the simple 
equilibrium constant: 


(H») 

K = [% FeO = 
| 

The value of this constant was determined by them by 

circulating steam-hydrogen mixtures over molten elec- 

trolytic iron in the temperature range 1550-1770° C., 


Table 4 -Solubility of Hydrogen in Liquid Iron at 1550, 
1600 and 1700° C. in the Presence of Dissolved FeO 


Hydrogen. 


In Metal. 
C.c. per 100 g. 


In Equilibrium 


In Metal. 
Gas. Atm. %. 


1550° C. 
0-01 0-988 
0-02 0-977 
0-05 0-943 
0-10 0-890 
0-20 0-800 
0-50 0-616 
1-00 0-448 


1600° C. 


0-00250 27-8 
0-00249 27-7 
0-00244 27-2 
0-00238 26-4 
0-00225 25-0 
0-00197 21-9 
0-00168 18-7 


0-992 
0-984 
0-958 
0-920 
0-852 
0-697 
0-533 


0-00266 29-6 
0-00265 29-5 
0-00262 29-1 
0-00257 28-6 
0-00247 27-5 
0-00223 24-8 
0-00195 21-7 


0-996 
0-993 
0-979 
0-957 
0-917 
0-812 
0-683 


0-00292 32-6 
0-00291 32-4 
0-00289 32-2 
0-00287 32-0 
0-00281 31-3 
0-00264 29-4 
0-:00242 27-0 
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finally analyzing the iron melt for oxygen by the vacuum- 
fusion method. From these results it was shown that in 
this temperature range: 


10,200 
T 


The relations between H2/H.O in the equilibrium gases 
and the FeO content of the iron at 1550, 1600, and 1700° 
C. have been calculated from Chipman’s data and are 
given in Table 3. It is obvious from these figures that 
the percentage of hydrogen in the equilibrium gases falls 
as the content of FeO in the iron increases. It also falls 
as the temperature is reduced. 

It may be surmised from these data that the quantity 
of hydrogen dissolved in the iron will also fall as the quan- 
tity of oxygen in it increases, but Chipman (who was 
mainly concerned with the gaseous equilibria) did not 
determine the amount of hydrogen dissolved in his speci- 
mens. 


log K = — + 5.50 


Con- 
tent of Liquid 
Iron in Pres- 
ence of 
solved FeO 


The amount of 
hydrogen in solu- 
tion in the mol- 
ten iron at these 
temperatures 
can be calculated 
from Table 3 by 
applying Sie- 
verts’ law (i.e., 
solubility 1s pro- 
_| portional to the 

| 


/-OF 


0-8 
07 


Sos 
0-4 


square root of 
the hydrogen 
pressure), to- 
gether with his 
solubility deter- 
minations of hy- 
drogen in liquid 
iron, '® viz.: 


18 20 22 24 2 28 HW 32 34 
Hydrogen. Ce, per /OOg- 


Fig. 4—Solubility of Hydrogen in 
Liquid Iron in the Presence of Dissolved 
FeO 


Hydrogen Solubility in Liquid Iron at 1 Atm. (Sieverts) 
Temperature, ° C.... 1550 1600 1700 
Hydrogen solubility, “2.. 0.00252 0.00267 0.00293 


A total pressure of H. + H,O of | atm. in the gases 
surrounding the iron will be assumed. The results of 
these calculations are shown in Table 4 and Fig. 4. For 
purposes of comparison with the author’s experimental 
data, the percentage of hydrogen has been recalculated in 
the last column in terms of cubic centimeters per 100 g. 
of iron. 

Similar results to those reported above can be obtained 
from equation 7 of Lepp’s paper."© Modified slightly 
in the light of Phragmén’s criticism, it is as follows: 


(HO)? 


FeO]?(% H]2(He) 


23,580 

The constituents in solution in the molten iron have been 
placed in square brackets, and the gaseous constituents, 
expressed in atmospheres, in round brackets. 7 is the 
absolute temperature. 


log K = 


621-s 


in 
if- 
en 
a- 1550° C. 1600° C. 
hy 81-0 114-0 213-0 if 
40-0 57-0 108-0 
16-1 22-7 43-0 
8-1 11-4 21-5 
re 4-0 10-8 
ld 16 2-3 4-3 
nt. 0-81 1-14 2-15 
W- : 
vill 
lly 
co. 
ire 
of 
ily 
ol 
Wan 
in 
ib 
re 
0-01 
0-02 
), 0-10 
0-20 
| 1-00 
| 1700° and 
0-01 
0402 
0-05 
0-10 
0-20 
0-50 | 
1-00 


If this equation is used in conjunction with Chipman’s 
equilibrium data for (H2)/(H2O) to calculate solubilities 


in the presence of, say, 1% of FeO, the following results 
will be obtained: 


Hydrogen Solubility in Liquid Iron containing 1°% of FeO 
(calculated by Lepp’s equation) 
Temperature, ° C........... 1550 1600 1700 
Hydrogen content, %....... 0.0016 0.0018 0.0024 


These results are almost identical with those reported 
in Table 4. Phragmén, in his discussion, quotes a figure 
of 0.00189 hydrogen in solution in liquid iron at 1600° 
C. when saturated with FeO, as compared with 0.0026 
in molten iron free from FeO. These figures are again 
in line with the results of the author’s calculations in 
Table 4. 

Before leaving Lepp’s results, it should be pointed out 
that in Fig. 5 of his paper," he made the serious mistake 
of extending his calculations based upon the afore- 
mentioned equation to FeO contents in solution in liquid 
iron as high as 30°. Such solutions, as pointed out by 
Phragmén, are incapable of being obtained in actual fact, 
and, no doubt realizing this, Lepp tried to get out of the 
difficulty by extending his deductions to liquid steel in 
contact with s/ags containing ‘“‘about 20% of FeO.’ If 
he had confined his calculations to values of [FeO] up to 
about 1.0% he would have obtained very similar curves 
to the present author’s, and Phragmén’s criticisms would 
no longer have applied. 

Referring again to Table 4, it will be noted that the 
total hydrogen in solution in oxidized iron, or weld metal, 
at the melting point will be quite appreciable. In fact, 
the amount in the most highly oxidized weld metal con- 
taining about 1% of FeO should be abéut 60° of that in 
weld metal practically free from FeO. This, broadly 
speaking, is confirmed by the experimental data in Table 
1, in which, as already pointed out, the total hydrogen 
content of fully oxidized weld metal, though lower than in 
less oxidized types, is still quite appreciable. The mag- 
nitude of the experimental values reported here cor- 
responds very approximately to the theoretical figures 
in Table 4 for molten iron at about 1550° C. Closer 
agreement cannot be expected without more detailed 
knowledge of the partial pressures of hydrogen and H,O 
in the gases surrounding the welding are, concerning 
which little is known (see Larsen!’). 


Hydrogen Equilibria in the Solid Weld 


We must now consider what happens to the hydrogen 
in the weld after solidification. Here the position is more 
complex and less amenable to exact treatment. Neither 
Chipman’s data nor Lepp’s calculation, which apply to 
liquid iron only, are of much assistance for the exact 
solution of this problem, and the following discussion 
covers only its broad outlines. 

It is suggested that, despite the rapid rate of cooling, 
equilibrium between hydrogen, H,O and FeO in the solid 
weld tends to be established, but is modified by the 
effects of solidification. These are: 


1. Numerous FeO inclusions or compound oxides and 
silicates containing FeO are thrown out of solution. A 
very small amount of oxygen remains in solution. 

2. Hydrogen remains in solution, but tends to diffuse 
into the microscopic cavities between the inglusions and 
the weld metal, and into blowholes and other voids. At 
elevated temperatures, where the permeability is high, 
some exchange of hydrogen between the cavities and the 
iron lattice will no doubt take place, but this will be less 
marked as the temperature falls. At lower tempera- 
tures hydrogen can diffuse into these cavities, but will 
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diffuse out of them only very slightly. The greater the 
number of these voids the larger is the amount of hydro- 
gen finally left in the nondiffusible form. ; 

3. The well-established data for the equilibrium be. 
tween solid FeO, iron, hydrogen and HO, which have 
been investigated by numerous workers, will apply to 
the hydrogen which has diffused into the space adjacent 
to inclusions containing FeO. The greater the amount 
of the reducible FeO in these inclusions (i.e., the greater 
the activity of the FeO), the larger is the percentage of 
this hydrogen converted to HO, the limiting factor being 
the equilibrium ratio H:/H.,O for the solid system Fe 
FeO. (The value of this equilibrium ratio is approxi 
mately unity at a temperature of 1200° C., falling with 
decrease of temperature. ) 

4. The H,O produced in the cavity is probably in 
capable of diffusion out of it, even at elevated tempera 
tures, whereas the hydrogen, as already explained, is 
subject to such balanced diffusion. The net result is 
that more hydrogen will enter such cavities to adjust th: 
hydrogen balance between lattice and void, rather on th: 
lines of the well-known osmotic action across semi- 
permeable membranes. Hence, inclusions containing 
FeO will tend to attract a larger quantity of hydrogen 
than inclusions not containing FeO. 

5. The net result is that the proportion of non- 
diffusible hydrogen will be the greater, the larger the 
number of inclusions (or other microvoids) and the 
larger their reducible FeO content. 


It follows that some of the nondiffusible hydrogen in 
welds must actually be H,O—possibly as much as 50°; 
of it. It would be of the greatest interest to be able to 
determine this constituent separately. Neither the 
vacuum-fusion nor the vacuum-heating method is cap 
able of distinguishing between hydrogen and H,O. In 
the vacuum-fusion method H.O will react with the 
graphite crucible to form CO and hydrogen. In tlie 
vacuum-heating method the equilibrium mixture of hy- 
drogen and H,0O in the voids will lose hydrogen by diffu 
sion, whereupon the remaining H,O will react with iron 
to produce more hydrogen, until practically all the H)0 
diffuses out as hydrogen. (It is most unlikely that H.O 
could diffuse as such through the iron lattice.) Both 
Stevenson!! and Newell'’® have reported steam in the 
gases collected in the vacuum heating of steel, but both 
state that this may have been derived from sources other 
than the steel or by reaction with surface oxygen. 

Returning to the question of the quantity of non 
diffusible hydrogen, this should be quite appreciable 
even in welds free from FeO, since they contain micro 
voids, associated with other inclusions than FeO, and 
also blowholes and similar microcavities. That this 1s 
actually the case will be seen from Table 1, where even 
in the welds practically free from FeO (e.g., G and F) the 
proportion of nondiffusible hydrogen is as high as two- 
thirds of the total, less than one-third being diffusible. 
As the weld becomes more oxidized the percentage 0! 
diffusible hydrogen falls to less than 5°% of the total, for 
the reasons already stated. 

If this general argument is substantially correct, the 
amount of diffusible hydrogen in a weld (or steel) is a 
sensitive measure of its FeO content much more so 
than its total hydrogen content. 


Total Available Hydrogen in Electrode Coatings 


It is reasonable to suppose that, apart from control 0! 
hydrogen by variation of the FeO content, the quantity 
of hydrogen in welds could also be reduced by decreasing 
the quantity of available hydrogen in the electrode coat 
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Table 5—Hydrogen in Electrode Coatings 


reported in this paper is the dem- 
onstration of the relationship between 


- , ——, the FeO content of weld metal and its 

Ratio of Hydrogen in Coating. Total total and diffusible hydrogen con- 

Electrode Type. tents. he total hydrogen content 

| %, per 100 g. will be slightly reduced, while the 

x diiffusible hydrogen will be consider- 

‘ 92 ably reduced, with increasing FeO in 

G, (baked 350°C.) 20-45 0-19 79 5-8 will presumably apply to steels made 

| +e though this has not yet been estab- 
y 179 0-92 1207 18-15 lished experimentally. 

|N . 13-07 1-96 2850 20-4 4. An attempt has been made to 


ings, also in the form of free and combined water, and as 
organic hydrogen in the form of cellulose and similar 
materials. It has, in fact, been suggested that there 
should be an exact relationship between the total hydro- 
gen in the weld and the available hydrogen in the coating 
expressed as a percentage of the weight of the steel core. 
This, in the author's view, is improbable, since the per- 
centage of hydrogen in the gases surrounding the arc will 
not necessarily vary directly as the hydrogen content of 
the coating. The amount of HoO, CO and COs, in these 
gases is likely to differ considerably for different types of 
electrodes. 

The percentage of available hydrogen for most of the 
electrodes listed in Table | has been determined by com- 
bustion of their coatings in oxygen and weighing the re- 
sultant H,O. The results are shown in Table 5, together 
with the corresponding fofal hydrogen in the welds 
(diffusible plus vacuum fusion). It is clear that the cor- 
relation between the two sets of figures is slight. Never- 
theless, it has been confirmed that baking electrodes to 
remove some of the hydrogen-forming constituents will 
reduce the hydrogen in the weld. This has been done 
in the case of electrode G,, which is the same as electrode 
G in Table 1, except that it had been baked at 300-350° 
C.forlhr. The effect of this baking has been to reduce 
the available hydrogen from 0.48 to 0.199% of the weight 
of the steel core, while the diffusible hydrogen has fallen 
from 6.5 to 2.7 ce. per 100 g., and the vacuum-fusion 
hydrogen from 16.0 to 3.1 ce. per 100 g. (Table 1). 

Such baking must be carried out with care and discre- 
tion, however, or the chemical analysis of the weld metal, 
together with its oxygen content, may also be affected, 
and this, in turn, may affect the hydrogen content. 
This has occurred to an appreciable extent in the present 
case, as will be seen from Table 1. Although the total 
oxygen is practically unchanged, the FeO content of the 
baked electrode G,; has increased, i.e., it has become more 
oxidized. The cracking tendency of this electrode has 
not yet been tested, but it will not be surprising if it is 
found to be less sensitive to hard-zone cracking. Fur- 
ther discussion of this point is obviously premature, and 
will be taken up when more information is available. 


Conclusions 
|. The diffusible hydrogen content of weld metal 
has been shown by several investigators to have some 
influence on the cracking of the hardened zones in welded 
high-tensile steels. 


2. The most important result of the investigation 
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- explain these results on the basis of 
the data reported by Chipman for 
the system Fe-FeO-H,-H.O at tem- 

peratures above the melting point and of a discussion of 
the probable behavior of the hydrogen in solution 
after the solidification of the weld. Lepp’s paper on 
the same subject, though unnecessarily complex in its 
methods of calculation, leads to similar results for liquid 
iron, but does not consider the more complex behavior 
of the hydrogen after the weld solidifies. 

4. The influence of voids or microcavities surround- 
ing different types of inclusions, and voids due to blow- 
holes, etc., has been discussed, with particular reference 
to the influence of the active FeO content of the inclu- 
sions. 

5. The total available hydrogen content of electrode 
coatings in the form of free and combined water and as 
organic hydrogen must in the long run influence the 
total quantity of hydrogen entering the weld, but it is 
shown that the relationship is not very close. It is con- 
firmed, however, that controlled baking of an electrode 
at 350° C. will reduce the available hydrogen in the coat- 
ing and the total and diffusible hydrogen in the weld. 
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The Welding Research Council begins 
its new fiscal year on October 1, under 
peace conditions with a promising future. 
Its services in wartime have been fully 
recognized and appreciated by govern- 
mental agencies and by industry at large. 

Fortunately a large part of the work 
of the Council has been of a fundamental 
nature, the results of which are appli- 
cable, and of importance, in peacetime as 
well as in war. Even its more practical 
investigations have been aimed at secur- 
ing basic design data rather than in the 
solution of some particular war problem. 

With the cessation of hostilities, much 
of the government research work has 
been curtailed. Abandoned projects are 
being examined critically, and those of a 
fundamental nature will be continued by 
the Welding Research Council as far as 
funds will permit. As a matter of fact, 
three investigations have already been 
taken over. 

In other instances new laboratories and 
personnel have been developed for weld- 
ing research, which can be readiiy adapted 
to some of our projects. 

The Council notes with some concern 
that there is a tendency on the part of 
university laboratories, perhaps brought 
about by necessity, of including a larger 
share of the overhead as part of the ex- 
pense of proposed researches. 

The budget for the coming year will 
probably exceed the quarter million mark 
of last year for the reasons mentioned 
above, and because it is planned to under- 
take a comprehensive investigation in the 
Pressure Vessel field. 

A number of confidential reports were 
issued during the year dealing with the 
spot welding of aluminum alloys with 
particular reference to aircraft structures. 
A few of these have been published in the 
Welding Research Supplement. Undoubt- 
edly these investigations had an impor- 
tant bearing on the application of resist- 
ance welding toaircraft structures. Specifi- 
cally, the development of methods of 
cleaning aluminum in preparation for 
spot welding have been of the greatest 
significance. 

Two valuable reports have been issued 
by the Fatigue Committee, one on the 
Fatigue Strength of Fillet, Plug and Slot 


* Chairman, Welding Research Council, Engi 
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Welds in an Ordinary Bridge Steel, the 
other on Metallurgical Changes Due to 
Heat Treatment Upon the Fatigue 
Strength of Carbon Steel Plates. These 
reports are the outcome of a long program 
of research involving a total of about 
$100,000 and supply a foundation on 
which engineers may base unit design 
stresses for steel structures subjected to al- 
ternating or pulsating stresses. There 
are still quite a number of unsolved 
problems. Only a beginning has been 
made in the investigation of alloy steels. 
Plans are being developed for initiating a 
new program of research in this field. 
Mr. Jonathan Jones, who_has served as 
chairman of the committee since its in- 
ception a number of years ago, has retired 
as of October 1. The Council wishes to 
record its appreciation of a difficult job 
well done. Mr. Jonathan Jones has been 
succeeded by Mr. F. H. Frankland 

Probably the two most vital problems 
still confronting the welding industry are 
those of weldability and residual stresses. 
From a scientific viewpoint they are in- 
separable, although the problems may be 
differentiated to a certain extent on an 
arbitrary basis. The work of the Welding 
Research Council in these two fields has 
served as a basis for more than one mil- 
lion dollars of investigational work on the 
part of the government. Work in both 
fields will be continued by the Council. 
A comprehensive statement was issued on 
the weld stress problem showing its rela- 
tion to the weldability problem, what 
has been accomplished, and what remains 
to be done. It is expected that this re- 
port will be of great significance in 
orienting future research work in this 
field. It has already been widely 
quoted. 

A couple of years ago the public utility 
industry was faced with a disconcerning 
phenomena arbitrarily called graphitiza- 
tion of low-carbon and molybdenum steel 
used in high-pressure, high-temperature 
steel piping. A large comprehensive 
program of research was undertaken by the 
public utility industry and the interesting 
manufacturing companies. Although the 
research work was not done under the 
auspices of the Welding Research Council 
the reports have been made available 
to the Council and the most significant 
published by the Council and distributed 
widely. Although additional work is 


needed, the problem is now fairly wel! 
understood so that suitable steels may he 
specified in the first place and necessary 
precautions taken to prevent dangerou 
graphitization in existing structures 
Mention has already been made oj 
some of the weldability investigations 
In this connection a number of reports 
dealing with the weldability of 
low-alloy steels from several laboratori 


have been made available. Two nev 
weldability tests have been developed, 
namely, the bead-weld nick-bend test 


and an energy absorption T-band t 
The results of the application of t! 
tests to a large number of steels hay 
been reported. 

Two Literature Reviews were mack 
available, one on the Welding of Dis- 
similar Metals, and the other on Shrin} 
age Distortion in Welding. Although 
there are literally dozens of other inter 
esting reports published during 
year, mention should be maa 
the reports dealing with Physical Proper 
ties of Heavy Welded Specimens, 1 
and Temperature Effects on the Re! 
of Residual Dimen 
Stability in Machining Operations, 
the Effect of Post-Heating in Welding of 
Medium Alloy Steels. 

Flash Welding of Low and Plain Carbo 
Steels and the Spot Welding of Heavy 
Steel Plates have also received con- 
sideration. 

During the year the Council has co 
tinued the publication of its monthly 
Research Supplements involving a total of 
656 printed pages. 

The AMERICAN WELDING SOCIETY is not 
holding its regular annual meeting this 
year. Nevertheless the Welding Research 
Council is planning its regular University 
Research Conference in October and meet 
ings of its important committees. 

The high light of the coming year's a 
tivities is the organization of a compr 
hensive Pressure Vessel Research Progran 
covering materials, design, fabrication 
and inspection and testing of pressur 
vessels. It is estimated that this wor} 
will continue for a number of years with 
the initial program amounting to about 
$75,000 a year. With the complete chang: 
over On @ peacetime basis some reorgati! 
zation of the research committees and thy 
setup of the Council will undoubtedly | 
necessary. 
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Abstract 


In the system for predicting ductility in weldments previously 
developed at Lehigh University, the Jominy end quench test was 
used as a measure of welding response of the steel in question. This 
is an indirect method of measurement. The present report pro- 
poses a direct method for measuring this response by making simple 
wad-on-plate welds. The results of these weld tests then fit 
smoothly into the System. 

This direct method of determining welding response avoids sev- 
ral deficiencies of the Jominy method such as are found in steels 
of low hardenability, of high-alloy content, of irregular carbide 
ize or solubility and in plates less than 1 in. thick. It also makes 
unnecessary a high-temperature (2100° F.) furnace. 

rhese direct welding tests do not require the use of an auto 
matic welding machine. The self-consuming electrode method has 
een found entirely dependable for this purpose. 


Introduction 


N ANY method which proposes to predict the weld 

ing conditions necessary for preserving a predeter- 

mined ductility in a weldment of a certain steel, it 
has been found essential, first, to evaluate the hardening 
response of that steel to the weld thermal cycle. A modi 
fied Jominy test was used for this evaluation in the 
proposed method previously published.! 

There are circumstances, however, in which the 
Jominy test is ill-adapted for this evaluation. In the 
first place, plates less than 1 in. thick cannot yield a 
standard Jominy bar of 1 in. diameter. A remedy for 
this condition was described previously.2 Secondly, 
steels of low hardenability give a steep Jominy curve at 
higher cooling rates. This condition may result in un 
reliable prediction of hardness based on the Jominy test. 
Third, high-alloy steels are frequently preheated beforé 
welding and therefore do not cool to room temperature 
is the Jominy bar does. In this case, the Jominy test is 
not a valid basis for prediction. Finally, some shops 
lack the necessary heat-treating equipment for the Jom 
Iny test. 

hese considerations, as well as others to be discussed 
later, have led to an attempt to develop an alternate 

ethod for testing the welding response of a given heat 
ol steel, one which would not require a Jominy test yet 
would be simple, accurate and flexible. The result of the 
investigation is the direct weld-bead test which is re 
ported here. 

Chis is a report of work done at Lehigh University under the War Metal 


y Committee of the National Defense Research Committee The funds 
supplied by the Office for Scientific Research and Dx velopment Che 


isory Committee for the project were Dr. A. B. Kinzel, Chairman. Dr 
Adams and Col. G. F. Jen 
' Lehigh University, Bethlehem, Pa 
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Welding Response by Bead Welds 


By R. D. Stout,* S. S. Tort and G. E. Doan! 
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The Weld-Bead Test for Hardenability 


The cooling rate of a weld is dependent on the heat 
input from the welding arc and is thus a function of 
current, voltage and speed of arc travel. The rate of 
cooling will change, of course, as the thickness of the 
plates and design of the joint change, the heat input 
remaining constant. Recently the concept of geometry 
factor has made possible a quantitative prediction of the 
cooling effect of any given combination of plate thickness 
and joint design without the necessity of experiment. 
Thus, if a known combination of arc voltage, current, 
speed and plate temperature produces a cooling rate of 
20" F.. per second in a '/,-in. butt joint, the conditions 
which will produce this same cooling in an entirely dif- 
ferent joint, for instance, a 1-in. fillet weld, can be es- 
tablished without experiment by use of the geometry 
factors. 

This ability to predict the effect of joint geometry on 
the cooling rate suggested the possibility of making a 
series of welds on the simplest possible geometry, nam ly, 
bead-on-plate welds. Each weld would be of a slightly 
different heat input (thus providing a slightly different 
cooling rate). By measuring the hardness accompanying 
each cooling rate the welding response of the steel would 
be known. By applying the geometry factor to the 
hardnesses measured for various heat inputs in the simple 
bead-on-plate welds it would then be possible to predict 
the heating rates which would produce any chosen hard- 
ness in a different joint design. Note that the Jominy 
hardenability test is not involved in this procedure. The 
testing procedure would be as follows 

2 in dimer 
the heat of steel to be welded are prepared. On each ot 
these plates is deposited a weld bead, each bead at a dif 
ferent rate of heat input. This series of heat inputs sub 
jects the heated zones of the welds to a series of « 
rates. 


A number of plates, say 6 x 12 in. 


Is1oTls, Ol 


wling 
If the plates are cross sectioned the hardness ac 
companying each cooling rate can be measured by a 
Vickers or Rockwell superficial hardness tester. Thus, a 
relationship between cooling rate and har 
tained for a considerable range. This relatio 
only for this heat of steel. 


( 


The bend angle accompanying each hardness level 
can now be determined by quenching a set of slow notch 
bend specimens at various rates to cover the full hardness 
range. When these specimens are bent any chosen bend 
angle will be accompanied by a correspondi: 
Thus cooling rate has been related to bend a: cle bv re 
lating both of these factors to hardness \ more direct 
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method of ductility determination is discussed later in 
this report. 

Finally, the heat input—bend angle relationship is cor- 
rected by applying to the test plates the geometry factor 
corresponding to the actual weld to be made. This final 
step yields the correct heat input for the actual joint in 
order to preserve the hardness level and corresponding 
bend angle which the design engineer has specified. The 
necessary information is now complete. If preheating 
should prove desirable, the test plates can be preheated, 
using as a rough guide the fact that each 100° F. of pre- 
heat will permit reduction of the welding current by 
about 10°. 


The Experimental Work 


There were two phases of experimental work in the 
development of the scheme. First, it was necessary to 
demonstrate by tests on a heat of steel that the method 
works. One method of demonstration would be to com- 
pare results as obtained from Jominy tests with those 
from direct welding tests. Therefore, it was decided to 
examine a new heat of steel for welding response using 
both direct welding tests and Jominy tests. 

The second phase concerned the use of self-consuming 
electrodes as a means of getting measurable, reproducible 
welding conditions where automatic equipment is lack- 
ing. 


Weld-Bead and Jominy Tests 


The heat of steel used consisted of NE 8620 plates 
which had not arrived in time to be included in the pre- 
vious program. It was available in '/4-, '/2- and 1-in. 
thicknesses although only one thickness is needed for the 
test. 

Four levels of heat input were used for beads on each 
plate thickness. The welds were sectioned and maximum 
heated zone hardnesses determined. 

Duplicate Jominy bars cut transverse to the direction 
of rolling were quenched from 2100° F. after 30 min. at 
temperature. Hardnesses were run on polished flats 
along the bar length. Thus a comparison between the 
Jominy bar method and the weld-bead method was 
made possible. 


Self-Consuming Electrode Welds 


In the production of test welds, every effort must be 
made to maintain uniform conditions and to measure 
them accurately. When possible, automatic welding is 
by far the best procedure. It was realized, however, 
that in many shops such equipment is not at hand and 
that a suitable substitute was essential if the test was to 


Table 1—Hardness of Bead-on-Plate Welds on NE 8620 
Plates. Room Temperature. E6020 Electrode 


Table 2—Relation of Jominy Distance to Weld Heat Inp.t / 
Cu. In. (at 75° F.) for Equal Cooling Rates 


Distance Heat Input Distance Heat Input 


from to the Weld, from to the Weld, 
Quenched Joules Quenched Joules 
End, !/32 In. per Cu. In. End, '/32 In. per Cu. In 

4 3,500 20 23,500 

5 4,500 = 25,500 

6 6,000 24 28,000 

7 7,500 26 30,000 

8 8,800 28 32,000 

9 10,500 30 34,000 

10 11,500 32 36,000 

11 13,000 36 39,000 

12 14,500 40 42,000 

14 17,000 44 44,000 

16 19,000 48 46,000 


18 21,000 


be of general service. The familiar self-consuming or 
fire-cracker electrode seemed to meet the requirement 
quite well. Whereas this technique may not be suitab| 
for welding a joint in construction, it does provide a 
uniform rate of heat supply at the arc, and a normal 
appearing bead deposit on the plate surface. 

In order to learn (1) whether heat inputs obtained from 
the self-consuming electrode matched the heat effect of 
conventional welding, and (2) what range of heat inputs 
could be obtained readily, a group of bead-weld tests 
were deposited by the fire-cracker electrode technique on 
the SAE 1035 and NE 8620 which had been studied 
thoroughly during the previous investigation. 

Four heats inputs were employed on '/4- and '/2-in 
plate of both steels. Variation in heat input was secured 
by the use of '/s-, */16- and '/4-in. E6020 electrode sing] 
and in pairs. Arc voltage, current and rate of burnof 
giving a rate of heat input in joules per inch, were r 
corded for each test. Some additional tests were mack 
on '/,-in. plate of NE 8620 to find if the current settin: 
changed the heat input and, if so, whether the results 
were consistent with the change. 


Experimental Data and Analysis 


Weld-Bead and Jominy Tests 


The heated zone hardnesses resulting from automat« 
welding tests on the NE 8620 steel are given in Table | 
In Table 2 are listed the Jominy positions corresponding 
to points on the “master curve” which relates cooling 
rates to the heat input supplied per cubic inch of metal. 
This table was constructed from Figs. 9 and 11 of refer 
ence 1. In the last two columns of Table 1, the heat in 
puts have been transformed to heat inputs per cubi 
inch (actual heat input + geom. factor = heat input/cu 
in.) and then to equivalent Jominy positions. 

In Fig. 1 the Jominy hardness curve is presented.as ob- 


Plate Heat Input, Jane per Cu.In. Jominy tained from duplicate tests at 2100 F. The calculate | 
Thickness, Joules Vickers of Metal, Positions, points derived from the weld-bead hardness teésts 0! 
In. per In. Hardness Joules/In.* */ie In. Table 1 are plotted here as well. The agreement hb 
i/, 14,000 357 9,300 t tween the actual Jominy points and those obtained 
ty 31,500 202 21,000 “synthetically” is entirely satisfactory. 
/s 62,000 250 42,000 19 
Self-Consuming Electrode Tests 
16,000 437 5,300 3 
*/2 33,000 363 11,000 , 5 Table 3 contains the results of tests made with sell- 
2 46,000 of 15,300 . + consuming electrodes. It is of interest to note the heat 
1/, 72,000 266 24,000 10* : 
‘4 inputs which can be secured by varying the electro: 
= diameter, used singly and in pairs. The heated 
1 77000 339 13/000 = 5 hardnesses are given in the fourth column; while in th 
1 83,000 345 14,000 67 last column the hardnesses previously measured on co! 
ventional welds at the same heat input levels are u 
626-s WELDING RESEARCH SUPPLEMENT DECEMBE 


HARONESS 


ViCcKERS 
» 


- 
cluc 
den 
A 
wit 
are 
nes! 
ver 
cur 
Ho 
be 
cha 
An 
sur 
Th 
194 


} 1. Beads are deposited on the 1/2- 
| in. plates at several heat input levels 
and heated zone hardnesses measured. 


The data: 18,000 joules in. 
500 es SON OF 2100°F Jominy Test 440 Vickers hardness 


witH Direct WELOING Tests 35.000 joules /in. 
NE 8620 PLate 360 Vickers hardness 


Figure | 


¢ POINTS FROM JOMINY BAR 45,000 joules ‘in. 
400 re) i 300 Vic kers hardness 
5 60,000 joules/in. 


270 Vickers hardness 


yu 
" PLATE 85,000 joules in, 


HARONESS 


250 Vickers hardness 


2. Slow notch-bend specimens are 
heat treated and bent. The bend 
angles and hardnesses obtained are: 


Oil quenched 150 Vickers 

| Air cooled 2350 Vickers 
30° bend angle 

Furnace cooled 210 Vickers 
| 35° bend angle 


VIiCKERS 


Because stress relieving is impossible, 
the engineer specifies 20° bend angle. 
By interpolation of the plotted bend 


angle data, this angle corresponds to 

| | a hardness of 290 Vickers. 
O Y2 1%q, 3. In turn, by interpolation of the 
data in (1) above, 290 Vickers corre- 
sponds to a heat input on '/»-in. plate 


DISTANCE FROM Eno (incnes) 


Steel and Electrode Welding Arc Vickers Hardnesses i 


Thickness, In. Diameter, In Current Voltage Heat Input Hardnes Automatic Welds 

SAE 1035 '/4 ingle-'/s 120 28 21,000 278 192 
double-'/, 200 28 32,000 958 959 
ingle-* /;, 190 28 39,000 236 240 
double- 300 25 62,000 230 2e4 

SAE 1035 ! single-'/, 120 28 21,000 145 5 
double-' 200 26 32,000 30 

ingle- 180 30 $1,000 PAG 

double-*, ,, 300 26 67,000 246 2 
9 single- 240) 33 80,000 246 
NE 8620 '/, single-'/, 100 27 17,000 390 381 
‘ double- 200 26 32,000 285 295 
‘ single- 31 $2,000 262 
double-* 300 25 57,000 48 
NE 8620 single-! /. O5 26 17,000 113 29 
double-' /. 200) 26 31,000 

single-* 170 33 16,000 399 

double- 280) 28 68,000 292 28 


single-'/, 220 34 81.000 978 


cluded for comparison. That they check closely is evi- 

dent. Table 4—Self-Consuming Electrode Tests with Various 
. . ; 

A number of welds made using '/s- and */;s-in. electrode Current Settings '/,-In. NE 8620 Plates. Room Tempera 


with a range of current settings using '/,-in. plate only 


are reported in Table 4. Here again heated zone hard- Heated 
nesses are compared with those of welds produced with Heat 
vertically held electrodes. It appears safe to select any Welds. 
current setting within the proper range of the electrode. ; 140 29 93 400 - 47 
However, the voltage, current and rate of burnoff must ; 180) 33 21/900 376 50 
be recorded for heat test, lest there be variation in the OO 25 16,500 397 105 
characteristics of the rod. +0 ~ 

H5 22, OOF 
An Example of the Test Method 150 98 37.800 287 978 


31 3,01 82 271 

As an illustration of how the test can be applied, as- 
sume that fillet welds are to be made on '/.-in, thick NE 190 30 19000 
‘620 plates. No preheating or postheating is possible. 230 32 $5,000 270 270 


The testing proceeds as follows: 
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of 50,000 joules per inch. Now the geometry factor of 
the bead-weld specimen is 1.0, while that of the proposed 
fillet weld is 1.5. 


7 oe 50,000 joules per cu. in. of metal 
90,000 X 1.5 = 75,000 joules per in. for the '/-in. plate 


fillet 


4. Assume 30 volts, arc voltage, and 6 in./min. (or 
10 sec./in.) travel speed: 


75,000 
30 X 10 


= 250 amp. welding current necessary 


+. Thus the proper welding conditions will be 250 
amp. at 61n. per minute (with 30 v. are voltage). 


Discussion of the Results 


There was very little doubt in the minds of the writers 
that the essential features of this test were logical since 
they are founded on the same principles and experimental 
data as the System developed at Lehigh University. 
Therefore, if the System proves to be sound when it is 
put in practice, the direct welding tests can be expected 
to do likewise. 

The fact that the self-consuming method of depositing 
weld beads produces a heat effect which is closely equiva- 
lent to vertical, automatic welding is an important ad- 
junct to the usefulness of the test. 

There are several questions which warrant discussion 
at this point. It is a recognized fact, borne out by ex- 
perience in the program at Lehigh, that steel plates 
usually display a considerable spread in physical and 
metallurgical properties between plates and—more 
important—between the surface and center of a single 
plate. For example, the center can show much higher or 
much lower hardenability than the surface. As a result, 
the response to welding can vary accordingly. Now if 
the Jominy bar has been tested so that the hardness im- 
pressions are located at the center of the plate, it should 
serve properly for predicting the behavior of that region 
in welding but it may be of little use for weld zones close 
to the plate surface. Thus, for best results, the hard- 
nesses on the Jominy bar should be oriented deliberately 
in the same region of the plate as the weld pass whose 
ductility is to be controlled. Failing this, the Jominy 
should be tested on two flats ground at right angles to 
each other, and the deeper-hardening curve used for safe 
reckoning. This procedure is equally desirable if direct 
weld tests are made. A groove can be machined into the 
plate to permit location of the bead weld at the proper 
depth of the plate. 
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The direct welding test overcomes a number of 1 
retical objections which can be raised concernin, 
Jominy test. One is connected with the variatio: 
grain size and austenite homogeneity of the heated 
which normally accompany changes in the heat in 
level. The test welds will be subject to the same order 
variations as will the welds in the proposed weldn 
There is no evidence, to date, at what point the Jon 
test becomes unreliable for this cause. 

Because the Jominy bar is quenched to room temper 
ture, its use for predicting welding conditions becom: 
increasingly doubtful as the preheating temperatur 
raised. This is particularly true for alloy steels ha 
intermediate temperature transformation products. Si 
the test plates can be readily preheated, the direct wel: 
ing test does not lose its validity under such conditi 

Finally, the effects of other doubtful variables as th 
are length ‘and the type of electrode can be met direct}: 
in the direct welding tests by matching these factors 1 
those which will exist in the welding of the structure 

It was suggested in the earlier paper,’ and Jacksoy 
has independently raised the suggestion, that ductilit 
as a function of welding conditions can be measured 
rectly by means of notch-bend tests on bead-on-p! 
specimens without any hardness measurements what 
ever. In this case, a series of plates would be welded 
number of heat inputs, notch-bend tests prepared fro: 
this same series and tested, and a curve plotted of bend 
angle vs. welding conditions. The desired ductility woul 
then indicate the proper heat input for the geometry us: 
in the tests and this could readily be converted to th 
welding conditions required for the joint design to |} 
welded. 

Jackson has suggested the application of the transvers 
nick-bend specimen. Some work is planned here usii 
5 x 12-in. longitudinal notch-bend test. The typx 
specimen adopted should not be critical to the result 
obtained. 

In summary, the direct welding test provides a meth 
of measuring the welding response of a steel in a simpl 
accurate and reproducible manner. The self-consumi 
electrode furnishes a convenient means of controll 
and measuring the welding conditions carefully. ©: 
the response of a given heat of steel has been determi 
in this manner the System can be used just as it ts alt 
the Jominy test. 
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An Investigation of the Spot Welding 
of Aluminum Alloys Using Magnetic 


Energy Storage Equipment Provided 
by the Sciaky Brothers’ 


By W. F. Hess,’ R. A. Wyant! and B. L. Averbach' 


Introduction 


HE present research program provided for a com 

parative study of three different types of welding 

equipment which are offered for the spot welding 
of aluminum alloys for aircraft structures. The thre 
types were: the conventional a.-c. equipment, the con 
denser-discharge equipment and the magnetic energy 
storage equipment. The object of the comparison was to 
determine how the fundamental principles of operation 
ind construction of each welder affect its performance in 
the following respects. 


Weld uniformity or consistency. 

Frequency of electrode tip dressing. 
Electrode shape and pressure for best results 
Surface treatment for best results. 

Weld strength and quality. 

Critical nature of machine settings. 
Duplication of results from day-to-day. 
Electrical demand from the power system. 
Interruptions in operation. 

Maintenance time. 


The purpose of this report 1s to describe the experience 
and results obtained with the magnetic energy storage 
equipment provided by the Sciaky Brothers. This 
equipment consisted of a PMCO-2S16 welder and a dual 
voltage rectifier, which was built by the General Electric 
Co. The welding was limited to Alclad 24S-T in thick 
nesses of 0.020, 0.040 and 0.064 in. Flat electrodes wert 
used for welding Ahe 0.040- and 0.064-in. material. Flat, 
cone-shaped and domed electrodes were used for welding 
the 0.020-in. material. While most of the specimens 
were prepared for welding by wire brushing, some speci 
mens were treated with hydrofluoric acid for special 
Studies of contact resistance. Oscillographic records of 
the primary and secondary currents, and the electrode 
pressure were made frequently in the course of the in 
vestigation. 

The welder was typical of the Sciaky machines which 
utilize the variable pressure cycle. The work is first sub 
jected to a high electrode pressure which is referred to as 
precompression. The pressure is then reduced during 
velding and increased again as the weld cools. The 
high pressure after welding is called a forging pressure. 
\ number of studies were made to determine the effects 


| several different pressure cycles on weld cracks. The 


" Report No. 7 on Aircraft Spot Welding Research Original Report sub 
tted to the N.A.C.A. in February 1942 


' Welding Laboratory, Rensselaer Polytechnic Institute, 17 roy, N. Y. 


results indicate clearly that there are two methods of 
avoiding cracks by control of electrode pressure. Either 
the weld must be made at a low electrode pressure 
which is followed by a sudden increase in pressure before 
the weld cools, or the weld must be made at a constant 
pressure which is sufficiently high to avoid cracking. In 
the latter case a much higher peak current is required 
than in the former case. There appears to be no dif 
ference in the quality and consistency of the welds made 
by the two methods. 

In magnetic energy storage equipment a curr 
tively low in magnitude and long in duratio1 
the secondary circuit prior to passage of the weldi 
rent proper. A study was made to determine t! 
of this “‘preheating’’ current on the contact 
between the specimens being welded. The 
cate that the preheating current has a velin 
fluence on the contact resistance between specimens 
which have not received the best surface treatment. 
n the other hand, the results suggest that the preheat 
ing may cause the electrodes to run ‘“‘hot’’ when welding 
material having a high surface resistance and when the 
electrode cooling is inadequate. Further research in this 
field is contemplated. 

In this type of equipment the 1 dificult: and 
fundamental problem is the proper interruption of the 
primary current necessary for recovering the energy 
stored in the magnetic field. In view of this fact a study 
was made to determine the effects of irregular operation 
of the contactors in the primary circuit he results 
indicate that the current wave form and the weld strength 
are most seriously affected by a delay in the sequence of 
contactor operation, It also appears that, in this welder 
there is little probability of finding such a delay when 
four or more (out of eight) contactors are active in intet 
rupting the current. 

In addition to the above studies this report includes a 
limited amount of data on weld characteristics, welding 
conditions and weld consistency. It should be under 
stood that the amount of time available for this in 
vestigation was not sufficient for an exhaustive study of 
each problem. While in many ways, the work has been 
of an exploratory nature, it provides an excellent back 
ground for further research on current wave forms and 
electrode pressure eveles. 

In the present research program it is recognized that 
there are two distinctly different methods of investigat 
ing the effects of variables in the spot-welding process 
The essential difference between the two methods lies in 
the rate at which welds are made. The first method, 
which has been most generally used in this program, con 
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sists of studying the effects of current, electrode pressure, 
surface conditions etc., upon individual welds made 
“one at a time.’’ This method is employed because it is 
usually desired to isolate the effects due to a particular 
variable and to eliminate or reduce the effects due to as 
many other variables as possible. The second method 
consists of studying the effects of different variables 
when a large number of welds are made at a rapid rate of 
welding. In this method the effects due to the following 
variables become much more pronounced: rate of weld- 
ing, spot spacing, electrode cooling, tip design and tip 
material. The first method is best suited for investigat- 
ing fundamental effects, while the second method is 
essential for testing conclusions reached by the first 
method and investigating the above variables. More 
frequent use of the second method is contemplated for 
future research. 


Equipment 


For this investigation the Sciaky Brothers provided a 
welder of the PMCO-2S16 type. This welder was of the 
magnetic energy storage or inductive type in which 
energy is stored in the magnetic field of an iron core 
reactor by passage of a direct current through a winding 
on the reactor. The energy is then recovered in the weld- 
ing circuit, which is also coupled to the naagnetic field, 
by interrupting the direct current. The theory of the 
electromagnetic storage of energy for welding purposes 
has been presented in a recent paper, “Scope and 
Limitations of Stored Energy Type Spot-Welding 
Equipment,” by G. S. Mikhalapov and C. N. Wey- 
gandt.! The welder was equipped with a variable pres- 
sure system in which provision was made for reducing the 
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electrode pressure from a high initial value to a 


Ww 
value for welding and then increasing the pressure to 4 
high value for “‘forging,’’ before the weld cools. In this 


type of welder an auxiliary reactor having a single wird- 
ing is connected in parallel with the main reactor having 
both primary and secondary windings as shown in Fig 
This reduces the time required to store a given amount 
of energy. The total reactor input or primary current js 
controlled by a series of eight contactors and a maxim 
current relay as shown in Fig. 1. The main contactors 
were equipped with the latest type of horns and ar 
shields. In older models of this equipment interchanve- 
able resistance units were provided for insertion in the 
secondary circuit when thin material was to be welded 
In the present welder this practice was avoided by pro- 
viding the welding circuit with direct current at a low 
voltage for welding the thin materials. The direct cur- 
rent was supplied by a General Electric dual voltage 
(SO and 155 v.) rectifier operating on a 220-v., 3-phase 
line. A current calibration of the welder is shown in 
Fig. 2 for operation at both voltages. The electrode pres 
sure is obtained by means of two air cylinders operating 
“in line’ and controlled by two electrovalves as shown 
in Fig. 1. A pressure calibration of the welder is shown 
in Fig. 3. 

It should be understood that the control circuit shown 
in Fig. 1 is greatly simplified and not at all complete. 
The essential function of this circuit is to control th 
electrode pressure and welding current. This is accom- 
plished in tlre following sequence of operations: 


1. Closing of the foot switch energizes both electro- 
valves which brings the upper electrode in co1 
tact with the work and subjects the work to 
high initial pressure. 

2. When the air pressure above the lower piston 
reaches a predetermined value, the air switch 
operates to energize relay D. 

(a) Relay D de-energizes electrovalve No. 
which admits air beneath the upper piston, thu 
reducing the electrode pressure to its welding 
value. 

(b) Relay D energizes timer T which is provid 
to insure that the precompression and preheat 
ing periods do not overlap. 

4. Timer T energizes relay EL. 

5. Relay # energizes the main contactors permitting 
current to flow in the primary of the weldin 
circuit. 

6. When the primary current reaches a predetermined 
value the maximum current relay 1/C operates 
to energize relay F. 

7. (a) Relay F keeps itself energized. 

(b) Relay F de-energizes relay & which in turn 
de-energizes the main contactors, thus inter 
rupting the primary current. 

(c) Relay F re-energizes electrovalve No. ~ 
which exhausts the air from beneath the uppc! 
piston, thus increasing the electrode pressur 
to its forging value. 


~ 


The sequence is discontinued at this point because t! 
remaining operations are not essential for the purpose vo! 
this report. It will be noted that there is no provisiw! 
for varying the time between the interruptions of tlic 
primary current and the application of the forging pr: 
sure. This time is determined by the time required ior 
operation of certain relays, contactors and valves. 

Throughout the investigation the electrode tip m™ 
terial was a copper alloy containing 1% cadmium a: 
having the following properties—electrical conductivi') 
of 85%, Rockwell B hardness of 50-75, yield strength .\' 
0.2% elongation of 68,000 psi., and annealing temper '- 
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Fig. 2—Current Calibration of Welder Fig. 3—Pressure Calibration of Welder 


ture of 350° C. The equipment used for wire brushing PRECOMPRESSION FORGING 
the specimens before welding consisted of a motor- | 
driven wire brush having the following characteristics: 
3-in. diameter, '/9-in. face, steel wire bristles 0.003 in. 
in diameter and an operating speed of 2700 rpm. The A 
welded specimens were tested in a hydraulic testing ma- 
chine equipped with Templin self-aligning grips and 
operating at a head speed of 0.2 in. per minute. PREHEAT “WELD 
For measuring the primary and secondary currents, 
shunts were installed in both circuits. Electric strain 
gage equipment was used for studying the electrode pres- 
sure under dynamic conditions.* It is estimated that 
insertion of the shunt and strain gage in the secondary 
circuit introduced a resistance of about 25 microhms in 
that circuit. Permanent records of current and pressure 
were obtained by using the above equipment in con- 
junction with an electromagnetic oscillograph. 


VP = VARIABLE PRESSURE 


Variable Pressure Cycle 8 


CLP = CONSTANT LOW PRESSURE 


The Sciaky welders are noted for the variable pressure 
cycle which is shown in Fig. 4 (A). In this cycle the 
electrodes are first brought together under a high pres- . 
sure, which will be referred to as “‘precompression’’ in 
this report. While the weld is being made the pressure 
is reduced to a lower value referred to as the ‘‘welding’’ { 
pressure. As the welding current decreases the pressure 
is increased to a higher value referred to as the ‘‘forging”’ 
pressure. An oscillographic record of this type of pres- 
sure cycle is shown in Fig. 5 (A). This record shows that, C 
following the weld, the electrode pressure increases with 
remarkable speed until it reaches the forging value. It is CHP = CONSTANT HIGH PRESSURE 
interesting to note in Fig. 6 (A) how this is accomplished. 
Initially the upper electrode is held in its raised position 


Fig. 4—Methods of Obtaining Constant and Variable Pressure 
Cycles 
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by air pressure beneath the pistons of both cylinders. 
During the precompression period air is exhausted 
beneath and applied above both pistons. While welding, 
ur is admitted beneath the No. 2 piston to counter 
balance the air above it. After the weld is made the 
lorging pressure is obtained by exhausting the air from 
beneath the No. 2 piston. This appears to be the reason 
lor the speed with which the increase in pressure is ob 
tained. In the first place, air may be exhausted to the 
atmosphere from such a cylinder more quickly than it 
can be admitted from an air line. Secondly, the volume 
of air to be exhausted is very small. At the end of the 
cycle the air is exhausted from above and admitted 
below both pistons in order to lift the upper electrode 
from the work. 

A previous investigation of an earlier model of this 
type of welder at Wright Field showed that the forging 
pressure was applied too late and at too low a rate to be 
effective.’ It is evident that, in this respect, considerable 
unprovement has been made since that time. 

An examination of oscillogram A of Fig. 5 shows that 
about 12 cycles elapse between the precompression 
period and the start of preheating. This was the mint- 
inum time which could be obtained by adjustment of the 
timer which was provided to insure that the precom 
pression and preheating periods do not overlap. It is 
time “‘lost’’ since nothing is accomplished during the 
terval and its elimination will mean “more welds per 
minute’ from the equipment. This condition has been 
called to the attention of the Sciaky Brothers who are 
ivestigating means of avoiding it. 


Constant Pressure Cycles 


Provision is made for operating the welder with either 
a constant-low-pressure or a constant-high-pressure cycle 
as Shown in Figs. 4 (B) and (C). These cycles are ob- 
tained by use of the No. 1 cylinder alone for the low 
pressure, or both cylinders for the high pressure, as shown 
in the above figures. Oscillographic records of these 
types of pressure cycles are shown in Figs. 5 (B) and (C). 


Variable Pressure Without Precompression 


The welder was designed so that by operating a simple 
switch the variable pressure cycle could be employed 
without precompression. An oscillographic record of 
this cycle is shown in Fig. 5 (D). In comparing this 
oscillogram D with the normal variable pressure oscillo- 
gram A it will be noted that the application of the forg 
ing pressure has been retarded considerably and the rate 
of increase in pressure is much more gradual. This 
condition will be referred to as “slow forging’ and it 1s 
explained by Fig. 6 (B). During the low-pressure period 
of the cycle only the No. 1 cylinder is utilized. The 
piston in the No. 2 cylinder is held in its upper position 
by the air beneath it. When the forging pressure 1s 
required the air is exhausted from beneath this piston 
and admitted above it, and the piston has to move 
through its complete stroke before it can transmit any 
force to the upper electrode. This procedure takes time 
and explains the delay in the application of the forging 
pressure. 

A very simple way wi 
is exhausted from beneath and admitted above the piston 
in the No. 2 cylinder as in the regular variable pressure 
cycle. However, before the air pressure above the piston 
becomes sufficient to produce precompression and alter 
the piston has moved to its lower position, air 1s ad- 
mitted beneath the piston to counterbalance the air 
above. This condition is identical to the condition dur- 
ing the welding period of the normal variable pressure 
cycle as shown in Fig. 6 (A) and (C). An oscillographie 
record of the resultant pressure cycle is shown in Fig. 
5 (2). It will be noted that the application of the lorg 
ing pressure is identical to that in the variable pressure 
cycle and is referred to as “‘quick forging To operat 
the welder in this fashion it was only necessary to leave 
the precompression switch in the ‘‘on’’ position and to 
adjust the air switch on the No. 1 cylinder to close at 
about one-half the maximum air pressure applied to the 
evlinder. Normally this switch is adjusted to close at a 
pressure just below the maximum, 

Che difference between ‘‘slow’’ and ‘“‘quick”’ forging 1s 
shown more distinctly in oscillograms A and J of Fig. 7, 
which were taken at a higher camera speed than those 
shown in Fig. 5. In ‘“‘slow’’ forging the pressure starts to 
5 eycles after the peak current p 
reaches its maximum value in 9 cycles. In “‘quick’ 
forging the pressure starts to increase 2 cycles after the 
peak current passed, and reaches its maximum value in 4 
The effects of this difference on weld quality will 
be discussed later in this report. Oscillogram C of Fig 
7 shows the variation in electrode pressure when molten 
metal is expelled from the weld. It will be noted that the 
reduction in pressure amounts to only about 35°, and 
that the pressure returns to its normal value in about 6 
milliseconds. Expulsion of metal was seldom observed 
during the investigation and to obtain the above osecill 
gram it was necessary to use an excessive current in weld 
ing untreated specimens. 


1 this delay. Air 
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cycles. 


Effect of Pressure Cycle on Current 

Four series of welds were made to determin the 
effects of the above pressure cycles on the current re 
quired to produce welds of a given strength. The results 
are shown 1n Fig. 8S. The welds were made in 0.040-1n 
Alclad 24S-T using 0.17-in. x 10° flat electrodes. The 
low and high values of electrode pressure were 395 and 
1000 Ib., respectively. About the same current is r 
quired for the constant-low-pressure cycle and_ the 
variable pressure cycles, with and without precompres 
sion. However, for the constant-high-pressure about 
30% more current is required to produce comparable 
welds. These data indicate that the magnitude of the 
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welding current is determined by the welding pressure 
and that it is not affected by precompression. Similar 
tests were made on 0.064-in. specimens to confirm the 
above conclusions and the results are shown in Fig. 9. 
In this case the current capacity of the welder was not 
sufficient to produce comparable welds when working 
with the constant-high-pressure cycle. 


effect of Pressure Cycles on Cracking and Porosity 


All of the welds made in this investigation were 
examined for cracks and porosity by radiography. 
Figure 8 shows how cracking was influenced by the pres- 
sure cycle when welding 0.040-in. material with 0.17-in. 
x 10° flat electrodes. No cracks were found in the welds 
made with the variable-pressure and the constant-high- 
pressure cycles. Cracks were found in all of the welds 
made with the constant-low-pressure cycle and the 
variable pressure cycle when no precompression was 
employed. In the latter case the forging pressure was not 
applied quickly enough to be effective in preventing 
cracking. The reason for this has already been dis- 
cussed. In obtaining the data for Fig. 8 four welds were 
made at each point. Throughout this investigation all 
the welds were remarkably consistent with respect to 
cracking. In general at each condition all four welds 
were either cracked or free from cracks. 

The behavior of welds in 0.064-in. material with 
respect to cracking is illustrated by Fig. 9. Under the 
conditions indicated no cracks were found when the 
welds were made with the regular variable pressure 
cycle. When the constant-low-pressure cycle was used 
all of the welds exhibited very bad cracking and porosity. 
Using the variable pressure cycle without precompres- 
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* 
sion, cracking and porosity were avoided when the for, 
ing pressure was quickly applied. Fine cracks and 
porosity were present when the forging pressure ws 
slowly applied. The forging pressure in the two cases 
well shown by oscillograms D and £ in Fig. 5. 

In welding 0.020-in. material the variable pressure 
cycle was not nearly as effective in preventing cracking 
Weld characteristics for a variety of electrodes and pr 
sure conditions are shown in Figs. 15 and 17. T| 
larger welds tended to crack regardless of the type 
pressure cycle employed. It appears that the constant 
low-pressure cycle is satisfactory, provided that, tly 
pressune is sufficient to avoid cracking in welds of the 
desired size and strength. It is believed that welds in thy 
0.020-in. material were not improved by the variab) 
pressure cycle because they cool so quickly that the forg- 
ing pressure was applied too late. It may be demon 
strated mathematically and experimentally that the 
cooling, rate of a spot weld varies inversely with the 
square of the thickness of the material. From this it is 
evident that, the forging pressure should be applied more 
quickly when welding the 0.020-in. material, if it is to be 
effective in preventing cracking during the cooling of the 
weld. In the welder under investigation the timing oj 
the forging pressure with respect to the peak current was 
not adjustable. The oscillograms show an elapsed tiny 
of from 3'/, to 4 cycles between the peak current and the 
time the pressure reaches its maximum value. It is b 
lieved that the application of the forging pressure would 
be more effective in preventing cracking in the 0.020-in 
material if this elapsed time were reduced by about 1'), 
cycles. 

This investigation indicates clearly that there are two 
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methods which are equally effective in preventing crack- 
ing. In the first method the weld is made at a low pres- 
sure, after which the pressure is suddenly increased to a 


considerably higher value. In the second method the 
weld is made at the higher pressure. The latter method 
requires a marked increase in the magnitude of the weld- 
ing current. 


Effects of Precompression and Preheating on Contact 
Resistance. 


The effects of precompression and preheating on the 
sheet-to-sheet contact resistance were studied under 
actual welding conditions by an oscillographic method. 
This method consisted of taking simultaneous records of 
the secondary current and the sheet-to-sheet voltage, 
which were analyzed in terms of the sheet-to-sheet 
resistance. 

At this point it is well to review the following facts 
which were disclosed in previous research* on surface 
treatment: 


The welding of thin materials is more sensitive to 
surface conditions than the welding of thick 
materials. 

Wire brushing produces an initial contact re- 
sistance of a very low value in the neighborhood 
of 5 microhms. 

The initial contact resistance between untreated 
specimens is very high and of the order of 600 
microhms. 

Correct chemical treatment produces an initial 
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contact resistance of the same low order of mag- 
nitude as wire brushing. 

Incorrect chemical treatment produces values of 
initial contact resistance which are intermediate 
between the low value obtained by the correct 
chemical treatment and the high value 
ated with untreated material. 

The best welds are under low resistance 
conditions. A high sheet-to-sheet 
tends to pre duce welds which are unsatisfac tory 
with respect to distribution of fusion 
ance of electrode impressions and 
tion. 
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The above facts regarding the sheet-to-sheet resistance 
values associated with wire brushing, untreated material, 
and the 3% hydrofluoric acid treatment ars 


graphically in Fig. 10. 


shown 
It will be noted that with the 

o HF treatment the minimum resistance was obtained 
in 10 sec. In the present investigation a treatment 
time of only 5 sec. was necessary to produce the minimum 
resistance. The reason for this discrepancy is believed 
to hie in the fact that solutions made volumetrically from 
commercial acid do not always possess the same activity. 
Furthermore, the hydrogen ion concentration is not 
easily standardized in this acid because of its attack on 
glass measuring apparatus. 

The primary objective of this phase of the investiga- 
tion was to determine the effects of precompression and 
preheating on the high sheet-to-sheet resistance resulting 
from incorrect surface treatment and to determine if 
satisfactory welds could be made under such conditions. 
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Since the thinner materials had been shown to be more 
sensitive to surface conditions, 0.020-in. stock was 
chosen for this work. Dome-shaped electrodes, 2!/2 in. 
in radius, were used with high and low-pressure limits of 
390 and 865 Ib., respectively. The preheating current 
averaged about 4000 amp., and flowed for 19 cycles. 
The welding current reached a peak value of 23,900 amp. 
in 1/5 cycle and returned to zero about 6 cycles after it 
reached its peak. In this report the variations in the 
sheet-to-sheet resistance are treated separately for the 
preheat and weld periods of the welding process. 
Resistance variations during the preheat period are 
shown in Fig. 11 for a variety of surface conditions and 
pressure cycles. Three conditions of electrode pressure 
were investigated for specimens which had been treated 
too long (30 sec.) in 3% HF acid. It will be noted that in 
all three cases the initial resistance is high and of the 
order of 150-200 microhms. During the first four cycles 
of preheating the resistance decreases rapidly and levels 
off at a value of about 50 microhms. The upper charac- 
teristic was obtained with an electrode pressure of 865 Ib. 
and the lower characteristic with an electrode pressure 
of 350 Ib. The intermediate characteristic was obtained 
at an electrode pressure of 350 lb. which had been pre- 
ceded by a precompression of 865 1b. These data indi- 
cate that in this period of the welding process the pre- 
heating has a greater influence on the sheet-to-sheet 
resistance than the electrode pressure. However, it 
should be remembered that, while the resistance is 
approximately the same for the low and hizh electrode 
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Fig. 12—Sheet-to-Sheet Resistance Characteristics for Weld 
Period 


636-s WELDING RESEARCH SUPPLEMENT 


pressures, the actual area of intimate contact is « 
siderably greater in the case of the high electrode pri 
sure. This explains why much more current is required 
to make a satisfactory weld at the high electrode pressi: 
than at the low pressure. Furthermore, the result; 
weld tends to be larger and stronger as shown by 
strength-current characteristics shown in Fig. 8. 

Figure 11 also shows a resistance characteristic for 
weld made in untreated material using the variable pr: 
sure cycle. The initial resistance is very high and of 1 
order of 1000 microhms. Again the resistance decrea 
with great rapidity during the first four cycles of preheat 
ing and levels off at about 100 microhms. In this casi 
serious expulsion of metal took place as the weld 
made. This figure also shows the resistance levels | 
wire-brushed specimens and specimens which were su! 
jected to the correct treatment (5 sec.) in the 5°) H] 
acid. Following these treatments the sheet-to-sh« 
resistance is very low and constant throughout the pri 
heating period. 


€ 


The differences between the two « 
treme surface conditions are very noticeable in oscil! 
graphic records of the sheet-to-sheet voltage at the start 
of the preheat period. This voltage is equal to th 
product of the resistance and the current at any instant 
Oscillogram FE of Fig. 7 is typical of a low 1nitial 
sistance produced either by wire brushing or a correct 
chemical treatment. At no time during the preheatin; 
period does the sheet-to-sheet voltage rise above 0.10 vy. 
Oscillogram F of Fig. 7 is typical of the high initial 
sistance produced by incorrect chemical treatment or 
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Fig. 13—Sheet-to-Sheet Resistance Characteristics for Weld 
Period 
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untreated material. The sheet-to-sheet voltage exceeds 
).50 v. even before the current becomes sufficient to be 
visible in the oscillogram. The ragged appearance of the 
above trace indicates a progressive breakdown of a high 
resistance film at the sheet-to-sheet contact. 

fo determine if satisfactory welds could be made under 
the high resistance conditions, which were previously 
shown to be undesirable without preheat,‘ two groups of 
welds were made. One group was made using 0.020-in. 
specimens which had been subjected to the 30% HF 
treatment for 450 sec. For control purposes the other 
sroup Was made using specimens which had been treated 
The irregularities which were noted in the 
previous work were absent in the first group of welds. 
fhe welds made under high-resistance conditions were 
identical to those made under low-resistance conditions. 
fherefore, this work indicates that preheating may have 
. beneficial effect when welding material which has been 
incorrectly treated. On the other hand, the energy dis 
sipated during the preheating period under high-resist- 
ince conditions, may be 3 or 4 times the energy dissipated 
under low-resistance conditions and it may also be 3 or 4 
times the energy actually required for making the weld. 
[his suggests that, when welding at a rapid rate, there 
may be conditions under which preheating may cause the 
electrode tips to run hot, depending upon the effective 
ness of the electrode cooling. It is essential that further 
research be done in this field. 

Figure 12 shows the variation in sheet-to-sheet re 
sistance during the weld period for welds made in wire 
brushed material. It is interesting to observe that for 
all three conditions of electrode pressure the resistance 
reach its maximum more or less simultaneously with 


sec, 
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Fig. 14—Strength-Current Characteristics; 0.040-In. Alclad 
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the current. The reason for the abrupt rise in resistance 
is believed to be due to the fact that wire brushing leaves 
a surface rough and with many small “high points 
When two such surfaces are pressed together they make 
contact only at their “high points.’’ At first the welding 
current is conducted by these “‘points,’’ which heat up 
rapidly and increase in resistance. When the “points” 
become hot enough to become plastic the electrode pres- 
sure forces the two surfaces into more intimate contact 
and the sheet-to-sheet resistance decreases as shown 1n 
the above figure. At the high electrode pressure the 
maximum resistance was not as high as in the other two 
cases because the pressure was sufficient to press the sur- 
faces into more intimate contact without the help of the 
current. In addition it should be noted that less fusion 
took place at the high pressure because the current was 
kept constant for the three welds investigated. 

Figure 13 shows the variation in sheet-to-sheet re 
sistance during the weld period for welds made in un 
treated material and material subjected to 5- and 50- 
sec. treatment with 36, HF acid. The 5-sec. treatment 
leaves the surface clean and smooth in contrast to the 
rough surface produced by wire brushing. As a result 
there are no “high points’ to heat up and produce the 
marked increase in resistance which was observed in thie 
case of wire brushing. It is believed that the 
treatment with 3°) HF acid leaves a fluoride film on the 
surface. While it has been shown that the sheet-to- 
sheet resistance has been reduced considerably during the 
preheat period, the resistance is still comparatively high 
at the start of the weld proper. Very early in the weld 
period the resistance changes 1n a rather erratic manner 
which may represent the final step in the progressive 
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Fig. 15—Strength-Current Characteristics; 0.020-In. Alclad 
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breakdown of the film mentioned above. It should be 
noted that all this takes place considerably in advance of 
the peak current. The resistance then decreases rapidly 
and levels off at the same vatue as in the case of the 5-sec. 
treatment. The resistance characteristic for untreated 
material is similar to that for the 30-sec. treatment. The 
preheating has reduced the resistance from 1000 to about 
100 microhms. Again the resistance behaves erratically 
early in the weld period, which may be due to the final 
step in the progressive breakdown of the original oxide 
film on the surface. The resistance then decreases and 
levels off at about the same value as in the case of the 
treatments with the 3°, HF acid. This final value cor- 
responds approximately to the resistance of the slug of 
metal between the electrode tips. 


Weld Characteristics and Welding Conditions 


Data on weld strength were obtained from single-spot 
lap-weld specimens which were prepared and tested in 
accordance with the recommendations of the Welding 
Research Council of the Engineering Foundation.5 
The weld strength for each condition investigated 
represents the average shear strength of* three speci- 
mens. The presence or absence of cracks and 
porosity in the welds is determined by the pressure cycle 
and has been discussed previously in this report. The 
investigation shows that, in welding Alclad 24S-T with 
this equipment, the variable pressure cycle should be 
used, This is particularly true for stock which is thicker 
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Fig. 17—-Strength-Current Characteristics; 0.020-In. Alclad 24S-T 


than 0.020 in. and it is believed that, with correct timings 


of the forging pressure, the variable pressure can be ad 
vantageously used for the 0.020-in. material. 


of the welds made under conditions of electrode pressurt 


which permitted cracks to form, all the welds examined 


were sound and satisfactory. Photomicrographs show 
ing the metallurgical structure of welds made with thi 


equipment are being presented in another report 01 


“The Examination of Spot Welds in Alclad 248-T.’’® 


Strength-current characteristics of welds made 
0.040-in. Alclad 24S-T are shown in Figs. S and 14. Th 


characteristics in Fig. 8 were obtained using 0.17-in. x 10 
flat electrodes. The surface indentation was relative] 


high in the welds made with the constant-high-pressur 
cycle. The characteristic in Fig. 14 was obtained usin: 


0.20-in. x 10° flat electrodes. This size of tip appears t 
be more suitable for this gage than the 0.17-in. x 10° size 


It will be noted that as the current increases the wel: 
In othe: 


strength increases at a rather uniform rate. 
words, the current adjustment is not very critical. 


Strength-current characteristics of welds made wit! 


0.25-in. x 10° flat electrodes in 0.064-in. Alclad 24S 

are shown in Fig. 9. An attempt was made to use °/ j¢-1! 
diameter flat electrodes for welding this gage but the cur 
rent capacity of the machine was not adequate. In thes 
strength-current characteristics the weld strength | 
shown as a function of both the secondary peak curre! 


In each 
thickness of material a number of welds were sectioned 
and examined under a microscope. With the exceptior 
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and the primary current. This primary current is the 
total current delivered to the two reactors shown in 
Fig. 1. 

In older models of this equipment, which were supplied 
with d. c. at a single voltage, resistance units were in- 
serted in the secondary circuit to control the current for 
welding the thinner gages of material. In the welder 
under investigation the resistance units were not used. 
Instead, the d.-c. input voltage was reduced from 155 to 
SO v. for welding 0.020-in. material. Strength-current 
characteristics of welds made with 0.15-in. x 10° flat and 
7° cone-shaped electrodes in 0.020-in. Alclad 24S-T are 
shown in Fig. 15. The distinction between flat, cone- 
shaped and dome-shaped tips is shown in Fig. 16. The 
use of the flat electrodes proved to be unsatisfactory due 
to the great difficulty in obtaining welds bearing round 
ind even electrode impressions. The use of a pair of 
cone-shaped electrodes was unsatisfactory due to ex- 
cessive separation between the sheets. The use of a cone 
against a flat eliminated the excessive sheet separation 
and produced fairly satisfactory welds. The flat tips re- 
quired somewhat more current than the cone tips to pro- 
duce welds of comparable strength. Strength-current 
characteristics of welds made with dome-shaped elec- 
trodes in the 0.020-in. material are shown in Fig. 17. The 
results obtained with the dome-shaped electrodes were 
more satisfactory than the results obtained with the flat 
and cone-shaped electrodes. The electrode impressions 
were round and even, and there was no objectionable 
sheet separation. Furthermore, the dome-shaped elec- 
trodes did not require the elaborate alignment and dress- 
ing of the flat electrodes and the conditioning of the cone- 
shaped electrodes before they could be used. Within the 
limitations of this investigation there was little difference 
between the 2!/5 in. radius and 4-in. radius electrodes. 

The welding conditions for the three gages of material 
are summarized in Table 1. It will be noted that the 
maximum preheat current amounts to from 0.20 to 0.30 
of the peak welding current. The welding current rises 
from zero and reaches its peak in 7 milliseconds or 
approximately '/, cycle. The welding current flows 
for a total time of about 61/2 cycles. Of this time prob 
ably only about 4'/. cycles are effective in determining 
the characteristics of the weld. After the welding cur- 
rent reaches its peak from 3!/» to 4 cycles elapse before 
the forging pressure reaches its maximum value. While 
this appears to be satisfactory for the 0.040- and 0.064-in. 
materials, it is believed to be too long for the 0.020-in. 
material as explained elsewhere in this report. The 


electrode pressures used are not necessarily the optimum 
pressures. They were arbitrarily selected and proved to 
be satisfactory for the purpose of the investigation. 


Weld Consistency 


To determine the consistency of welds made with this 
equipment 100 single-spot lap-weld specimens in each 
gage were welded under the conditions given in Table 1. 
The results of these tests are shown in Figs. 18, 19 and 20. 
An analysis of the weld dispersion charts reveals the 
following distribution of welds: 


Table 2—Summary of Weld Consistency Tests 


Percentage of Welds 
Within 


Average 
Alclad No Shear 
24S-T of Strength, 10% 5%, 
Gage, In. Welds Lb. of Mean of Mean 
0.020 99 280 53 
0.040 100 660 Sl 
0.064 1030 9] 


It is believed that the welding of Alclad 24S-T is in- 
herently somewhat inconsistent and that this distribu- 
tion of welds is due more to the material than the weld- 
ing equipment. During these tests oscillographic records 
of the current and pressure were taken simultaneously 
with every tenth weld. The average deviation of the 
peak current from its mean value was about + 2° and 
the maximum deviation was about +4°,. The current 
wave form was consistently normal and the forging pres- 
sure was consistent in reaching its maximum value at the 
same time with respect to the peak current. 


Effects of Irregular Operation of Contactors 


In this type of equipment the amount of energy stored 
in the magnetic field is determined by the maximum 
magnitude of the primary current. The most funda- 
mental problem encountered is the proper interruption 
of the primary current, which is necessary for recovering 
the stored energy and utilizing it in making the weld. 
Since some users of this equipment believe that the 
operation of the primary contactors is the greatest 
potentiai source of trouble, the effect of irregular con- 
tactor operation on current wave form and weld con 
sistency was investigated. 


Table 1—Summary of Welding Conditions 


Alclad 
24S-T Gage, Electrode 


In. Shape and Size Strength, Lb. 


0.020 4-in. radius domes 280 
0.040 0.20-in. x 10° flat 660 


0.064 0.25-in. x 10° 1030 


Max. — 


Average Shear 


Precompression Time, 

Welding and Forging Max. Curret 
Pressure, Lb Pressure, Lb. Max. Pr 

405 1025 4.1 cy. 

OS ms 


145 1135 


600 1570 


-Secondary Current— 


Alclad D.-C. 


24S-T Gage, 
In. 
0.020 
0.040 


0.064 


NOTE: cy. 


1945 


Input 
Voltage 
80 


155 


155 


cycles; ms. = 


Primary 
Current, 
Amp. 
253 


364 


483 


milliseconds. 


Max. 
Preheat, 
Amp. 
4600 


9000 


9360 


Preheat 
Time 
19 cy. 

317 ms. 
13 cy. 

217 ms. 
20 cy. 

333 ms. 


Peak 
Amp. 
23,900 


31,500 


43,300 
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Fig. 18-—-Weld Dispersion Chart—0.020-In. Alclad 24S-T 


In the welder under investigation the primary current 
is interrupted by a series of eight contactors as shown in 
Fig. 1. Six of these contactors are by-passed by resistors 
and two are without resistors. Provision is made for 
adjusting the relative timing of the contactors in order 
that each contactor may be equally active in interrupt 
ing the current as evidenced by uniform arcing. Norm- 
ally the contactors open in the following sequence: 
tand 5, 3 and 6, 2 and 7 and, | and NS last. It should be 
noted that the last active contactor to open must always 
be either 1 or 8, which are not by-passed by resistors. 

During the previous part of the investigation the con- 
tactors required no adjustment to keep them operating 
properly. To determine the effects of irregular contactor 
operation it was necessary to deliberately throw the con 
tactors out of adjustment while making 100 welds in 
each of the 0.020- and 0.064-in. gages. In each series 
of welds the first and last ten welds were made with 
normal operation of all eight contactors, and under the 
conditions shown in Table 1. A different adjustment of 
the contactors was used for making each ten of the re- 
maining welds in each series. In this investigation the 


contactors were adjusted to produce the following results: 


l. 
2. 
3. 
4. 


All eight contactors active but arcing unevenly. 

Contactors 1, 2, 7 and 8 arcing evenly. 

Contactors 1, 2, 3 and 4 arcing evenly. 

Contactors 1 and 8 active and arcing evenly. 

Contactors | and 2 active and arcing evenly. 

Major are on contactor 2, minor arc on contactor 1. 

Contactors 1, 4, 5 and 8 arcing evenly. 

Major are on contactor 8, minor are on con 
tactor 7. 
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Fig. 19—Weld Dispersion Chart—0.040-In. Alclad 245-T 


With the exception of the first case, all contactors not 
mentioned were inactive due to their delayed operatio: 
with respect to the active contactors. Since relative! 
low and high currents were required for welding the tw 
gages of material, it was not always possible to make t] 
contactors perform exactly in accordance with the abo" 
schedule. In those instances other irregular combi 
tions of contactor operation were investigated. 
attempts to make a single contactor do all the interrupt 
ing were unsuccessful. The results of the two tests 
shown in the weld dispersion charts in Figs. 21 and 2 
With the exception of a few welds abnormally low 
strength these charts are very similar to those obtatm 
with normal operation of the contactors (Figs. 1S and 2) 
The most serious distortion of the current wave for 
was caused by introducing a brief time delay between t! 
opening of two contactors when they were interruptin: 
all or nearly all the current. An example of this wa 
form is shown in oscillogram D in Fig. 7. In compari 
this oscillogram with oscillogram A of the same figui 
it will be noted that the peak current has been great! 
reduced and the wave has been flattened considerabl 
This wave form resulted in a 15°) reduction in we! 
strength in the 0.064-in. material and 25%) in Ut 
0.020-in. material, which was responsible for most of t! 
low strength welds in the dispersion charts shown 
Figs. 21 and 22. Minor changes in the wave form, wh 
did not greatly affect the peak value of the current | 
seriously broaden the wave, had little effect on the we! 
strength as shown by the above dispersion charts. Th 
investigation indicates that it is a delay in the sequet 
of contactor operation which may seriously affect t! 
weld strength, and that such a delay is not likely to occ 
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DISPERSION CHART 
SINGLE-SPOT LAP-WELDS 
0.064" ALCLAD 24S-T 
MAGNETIC ENERGY STORAGE WELDER 
TOTAL WELDS = 100 
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WELD STRENGTH IN LBS 
Fig. 20—Weld Dispersion Chart 0.064-In. Alclad 24S-T 


when four or more contactors are active in interrupting 
the current. It was particularly noticeable that the wave 
form was not affected when all eight contactors were 
active but arcing unevenly. In this investigation the 
contactors were adjusted more-or-less at random to 
produce the results described. Now that the effects of 
irregular timing are better understood it may be possible 
to make other adjustments of the sequence timing which 
will produce the undesired wave forms. No attempt was 
made to study the effects of irregular arcing at the tips 
of the individual contactors. In interpreting this 
experience it must be remembered that the contactors in 
this welder were of the latest type and that the total 
number of welds made was comparatively small. 


Summary of Results 


In the introduction of this report a ten point outline 
was presented as a basis for comparison of spot welders 
of different types. Following this pattern the results of 
the completed research are summarized by the following 
observations: 

1. Weld Uniformity and Consistency.—The_ con- 
sistency of welds made with this equipment is com- 
parable with the consistency obtained with a.-c. and 
condenser-discharge equipment. It is beginning to 
ippear that Alclad 24S-T welds with somewhat less con 
sistency than some other aluminum alloys, regardless of 
the type of welding equipment used. 

2. Frequency of Electrode Tip Cleaning.—During the 
investigation the electrode tips required very little clean- 
ing. However, the significance of this is doubtful since 
all the welding was done at a very low rate, and since tip 
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pickup is an inherently erratic process. No quantita 
tive data are presented because the investigators are 
firmly convinced that limited experiments to determine 
the frequency of electrode cleaning are not satisfactory 
as a basis for comparing different types of welding equip- 
ment. So many different variables are involved that the 
results are always open to criticism on the grounds that 
slightly different conditions would have altered the 
results either favorably or unfavorably with respect to a 
given type of equipment. The approach to the electrode 
pickup problem must be more fundamental. For ex 
ample, it 1s essential that more information be obtained 
on the fundamental effects of electrode operating 
temperature and the factors which control this tempera 
ture. 

3. ° Electrode Shape and Pressure for Best Result 
Time did not permit an exhaustive study of electrode 
shapes and pressures—, good welds were obtained using 
flat tips for the 0.040- and 0.064-in. material, and dome 
tips for the 0.020-in. material. It is believed that dome 
tips can also be used with satisfaction for the former 
gages. In constant-pressure welding the magnitude of 
the electrode pressure is primarily determined by the 
tendency of the welds to crack. In dual-pressure welding 
the welding pressure depends more upon considerations 
of weld size, tip life and current cepacity of the welder 
Application of the forging pressure eliminates the crack 
ing. In the Sciaky welder the current is limited by the 
size of the reactors and the variable pressure cycle makes 
possible the production of crack-free welds of a siz¢ 
which would be impossible using a constant-pressure 
cycle with the same current limitations. The Sciaky 
welder is designed on the basis of the variable pressure 
cycle and the investigation indicates that this pressure 
cycle should ordinarily be used. There may be instances, 
however, when certain gages of material or certain 
alloys will require the constant pressure cycle or modi- 
fication of the variable pressure cycle 

4. Surface Treatment for Best Result Good results 
were consistently obtained when welding wire-brushed 
material. The welding of chemically treated material 
was limited to a few experiments to determine the effects 
of preheating on the contact resistance between the 
sheets. The results indicate that preheating tends to 
have a beneficial effect on the contact resistance between 
specimens having a high surface resistance At the 
Same time there 1s an indication that preheating may 
lead to objectionable heating of the electrodes under 
certain conditions of surface preparation and electro 
cooling 


>. Weld Stre neth and (Me 


With the 


cracks resulting from incorrect conditions 
pressure, all of the welds were sound 


size and strength. Strength-current 
welds in Alclad 2458-1 0.020, 0.040 
thickness are shown in Figs. S, 9, 14, 15 and 
strength shown for welds in the 0.064-in. n 
approximately the maximum that can be satisfactorily 
obtained in this gage due to the current limitation of the 
welder. Somewhat stronger welds could have been 
made in the 0.020- and 0.040-in. materials if larger elec 
trode tips had been used 

6. Critical Nature Machine Setiines Figures S, 4, 
14, 15 and 17 of this report show how the weld strength 1s 
affected by variations in primary current. The design of 
the maximum current relay, which controls the primary 
current, is such that its adjustment was not at all critical 
for all the welding conditions investigated. The most 
critical adjustment is the sequence timing of the primary 
contactors. The investigation indicates that the cur 
rent wave form and the weld strengths are most seriously 
affected by any delays in the sequence of contactor 
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Fig. 21—Weld Dispersion {Chart—0.020-In. Alclad 24S-T; 
Irregular Operation of Contactors 


operation. Such delays are not likely to occur when 
four or more contactors are active in interrupting the 
primary current. The critical nature of the pressure 
adjustment was not investigated but it is not believed to 
be critical since the ratio of forging pressure to welding 
pressure is sufficiently high to prevent cracking over the 
complete range of welding pressures usually employed. 
The effect of electrode pressure on weld size and strength 
has been shown to be not critical in other investigations. 

7. Duplication of Results from Day to Day.—While 
no specific experiments were conducted in this connection, 
it was found from general experience that to duplicate 


alter the primary current adjustment by +10 amp. 
It is believed that this was due more to the inherently 
inconsistent welding characteristics of the material than 
to the performance of the welding equipment. 

8. Electrical Demand from the Power System.—This is 
unquestionably one of the most important advantages of 
energy storage equipment. It may be the compelling 
reason for the use of such equipment in many instances. 
This investigation was not concerned with this factor 
which is inherent in this type of equipment, and does 
not require experimentation. An important reason for 
the reduced power demand of this type of equipment 
compared with a.-c. equipment is that the load is 
balanced three-phase and at unity power factor, whereas 
the load of a.-c. equipment is single phase and at low 
power factor. The relative importance of this factor is 
determined by the power supply which is available to 
any particular manufacturing plant. 

9. Interruptions in Operation.—Throughout the in- 
vestigation the welding program was never interrupted 
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Fig. 22—Weld Dispersion Chart—0.064-In. Alclad 245S-T; 
Irregular Operation of Contactors 


by any failure or trouble in the equipment. It should be 
pointed out, however, that the equipment was not 
operated long enough for very much wear to occur at the 
tips of the primary contact6érs, which are probably th« 
greatest potential source of trouble in this equipment 

10. Maintenance Time.—This factor can only bx 
evaluated under actual production conditions. 


Conclusions 


On the basis of the experience, which has been ce 
scribed in this report, the following conclusions ar¢ 
drawn: 

1. Excellent welds can be made on this equipment 
under a variety of conditions. 

2. There are two methods of preventing cracks by) 
control of the electrode pressure. ‘The weld can be mad: 
either at a low pressure followed by a sudden increase 1m 
pressure before the weld cools, or at a constant pressur 
sufficiently high to avoid cracking. ‘The latter method 
requires considerably more current if welds of com 
parable size are made. There is no evidence that eithe: 
method produces superior welds. 

3. In dual pressure welding the application of the 
forging pressure with respect to the peak current must b« 
accurately controlled if it is to be effective in preventins 
cracks. A difference in timing of one or two cycles ma) 
make the difference between the occurrence or avoid 
ance of cracking. In our experience with this equipmen| 
the forging pressure was consistently applied. 

4. In working with Alclad 24S-T a high initial ele« 
trode pressure (precompression) has little effect on th« 
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sheet-to-sheet contact resistance. The same current 1s 
required for welding regardless of whether precompres- 
sion is used or not. In welding warped or formed sheets 
the use of precompression should be expected to be ad- 
vantageous in establishing good contact between the 
No disadvantages in the use of precompression 
ire evident. However, this may not be true for some of 
the other aluminum alloys. 

5. Preheating tends to have a beneficial effect on the 
ontact resistance between chemically treated specimens 
having high surface resistance. During the preheating 
period the high contact resistance is reduced to a lower 

ilue which is more satisfactory for welding. On the 
ther hand, there 1s an indication that preheating may 
lead to objectionable heating of the electrode tips under 
some conditions of surface preparation and _ electrode 
ooling. It is essential that further research be done in 
this field. 

(. The consistency of welds obtained with magnetic 
energy-storage equipment is comparable with that ob 
tained with condenser discharge and a.-c. equipment. 

7. In magnetic-energy-storage equipment the proper 
eration of the primary contactors is essential for con 
sistent operation. The current wave form and the weld 
strength are most seriously affected by any delays in the 
sequence of contactor operation. Such delays are not 
likely to occur when four or more contactors are active in 
interrupting the primary current. 


sheets. 
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Note by the Authors 


The authors wish to call attention to the fact that the 
experimental work described by this report was carried 
out largely in 1941. While many of the original observa 
tions are still valid, a few comments are necessary to 
bring the report up to date with respect to developments 
since 1941. These developments include improvements 
in welding equipment, surface preparation, electrode tip 
design and methods of evaluating the consistency of spot 
welds. 

In 1941 the electromagnetic type of energy-storage 
spot welder was beginning to find wide use in the air 
craft industry. Many improvements have been made in 
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this type of equipment since 1941. Probably the great 
est single improvement has been in the method and 
apparatus for interrupting the primary current. The 
original conclusions, pertaining to the usefulness of the 
electrode forging force and the necessity for its proper 
application for the control of cracking, have been con 
firmed many times. The subject of cracking received 
comparatively little attention in 1941. Therefore, the 
value of the electrode forging force was not fully recog 
nized at that time. 

Very little was known about the surface preparation of 
aluminum alloys for spot welding in 1941. Wire brush 
ing and immersion in hydrofluoric acid were the two 
methods employed in the work covered by this report 
According to present standards, the wire brushing was 
well done but the chemical treatment was unsatisfactory 
The chemical treatment was only used in a few © 
periments where chemically prepared surfaces were ré 
quired. The value of contact resistance measurements 
as a means of evaluating surtace conditions and cor 
trolling the surface treating process, had not vet been 
fully recognized. Since 1941 many chemical methods 
of surface treatment have proved to be far more satis 
factory than either wire brushing or treatment in hydro 
fluoric acid. 

The advantage of electrode tips having spherical con 
tours was just beginning to be recognized in 1941. For 
a long time conical tips had been used almost exclusively 
for spot welding aluminum alloys. These tips tended to 
facilitate expulsion of metal from the weld. Flat elec- 
trode tips were next tried because they had been found 
satisfactory for welding steel and because the chief 
difficulty associated with conical tips could be avoided. 
It proved to be very difficult to obtain a umform distri 
bution of pressure with the flat tips. Spherical tips 
seemed to combine the advantages and to avoid the dis 
advantages of both the conical and flat tips. However, 
in 1941 the machining of spherical tips and their rapid 
deformation were thought to be obstacles in the way of 
their extended use. Both flat and spherical tips were 
employed in the work represented by this report but the 
superiority of the spherical tips was not fully recognized 
Their use was not strongly enough recommended. Since 
that time, simple tools have been developed for machining 
spherical tips and they have been almost universally 
adopted for spot welding the light alloys. The deforma- 
tion of spherical tips did nox prove to be a serious mattcr. 

Since 1941 many investigators have adopted A.S.T.M. 
methods for evaluating the consistency of spot welds 
with respect to shear strength. According to these 
methods, the consistencies in the above report cor- 
respond to coefficients of variation of approximately 
12, 9 and 7°; for the 0.020-, 0.040- and 0.064-in. gages, 
respectively. These coefficients were obtained by weld- 
ing wire-brushed sheet. Possibly better consistency or 
lower coefficients could have been obtained, if the sheet 
had been properly surface treated by chemical means. 

For more information regarding later developments 1n 
this field, the reader is referred to the many papers which 
have appeared on the subject in THe WELDING JOURNAL 
and other publications since 1941. 
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Spot Welding of Heavier Gages of 
Aluminum Alloy 


Part II—New Portable Instruments for Rapid Measurement 
of Current and Tip Force in Spot-Welding Machines 


By R. C. McMaster’ and N. A. Begovich' 


Abstract 


This report presents details of the design, construction, cali 
bration and method of using a new portable instrument for measur 
ing welding current and tip force in spot-weldiig machines. Cur 
rent and tip force are measured by means of a small unit combining 
a toroid and a strain gage bridge. This unit may be slipped over 
the electrode holder of any spot welder and clamped ready for use 
in a few minutes. It could be used in production with negligible 
time lost in the operation of the spot welders. The simultaneous 
records of welding current and tip force obtained with this unit 
may be applied to either a cathode ray or magnetic oscillograph 
or both. With a long persistence tube in the cathode ray oscillo 
scope, the welder performance may be checked visually. Thx 
magnitude of welding current, the tip force and the timing may b« 
measured directly from the screen of the cathode ray oscillograph 
Permanent records can be obtained at low cost by photographing 
the cathode ray tube screen with a 35-mm, camera. The con 
sistency of operation of a spot welder is very easily checked by 
making several successive welds and noting visually or in a photo 
graph of the cathode ray tube screen the occurrence of any dis 
crepancies in wave shape or timing. The cost of the slip-on unit 
with a cathode ray oscilloscope is much lower than that of the 
magnetic oscillograph frequently used for spot-welder instrumenta- 
tion. This new instrumentation should have an immediate wide 
application in the aircraft industry where new specifications require 
frequent oscillographic checking of welder performance in spot 
weld production 


Introduction 


RODUCTION spot-weld process control for alumi 
num alloy structural parts requires oscillographic 
measurement of welding machine performance 
when machines are being certified and periodically during 
production to determine variations in machine per 
formance.’ The machine variables most frequently 
measured are the welding current magnitude and wave 
shape, the tip force during welding and forging, and the 
time and rate of application of the forge force. This 
measurement usually requires simultaneous continuous 
records of current and tip force during the weld period. 
The instruments previously developed and now widely 
used in production to measure these quantities consist 
of a current shunt tnounted in the welding transformer 
secondary circuit, and a strain gage bridge mounted so 
as to measure the force applied to the welding electrodes 
In some applications, both of these devices are mounted 
in a special electrode holder which is inserted in the 
welding machine when it is desired to make measure 


* Research Report, Office of Production, Research and Development of the 
War Production Board, WPB Contract 161, Report No. 1 dated Feb. 1, 1945 
was published in the Oct. Supplement. Part II was dated April 1 and Part 
III was dated April 15 

+ Dr. McMaster, formerly supervisor of aircraft welding and X-ray research 
projects at the California institute of Technology, is now research engineer 
with Battelle Memorial Institute of Columbus, Ohio. Mr. Begovich is in 
structor in electrical engineering and electronics engineer at California In 
stitute of Technology 


ments, Figs. 1 and 2. In other cases, these devices ar 
permanently mounted on each welder. Records ar 
usually made on photographic paper or film with 
magnetic oscillograph, such as is shown in Fig. 3. 

The cost of frequent performance checks is high whe 
loss of production time, because of film development and 
electrode holder changing, is considered. Even with 
priorities, the cost and scarcity of magnetic oscillograph 
equipment make it desirable to record with less expensi 
and more readily available instruments. 

The usual way of determining the welding current 11 
spot welder is to measure the voltage drop across a se 
tion of the welding loop. Knowing the resistance of th 
chosen section, the welding current can be calculate: 
However, any type of d.-c. resistance measurement would 
not evaluate the skin effect produced by the actual wel: 
ing current. In addition, the temperature coefficient 01 
the copper electrode holder makes it a poor material for 
use as a calibrated shunt. Because of the very low r 


B. Disassembled, showing threaded connections 


Fig. 1-Typical Manganin Alloy Current Shunt in Spot-Welde: 
Electrode Holder 
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B. issembied unit 


Fig. 2--Electrical Resistance Strain Gage Bridge Mounted Directly on Spot-Welder 


Electrode Holder to Measure Tip Force 


sistance per unit length of the welding loop, the section 
that must be used for the voltage drop must be in the 
order of 3 to 5 in. in length. Separating the pick-up 
leads by such a distance introduces the possibility of 
inductive pickup which would give an inaccurate 
measurement of the welding current. To obtain an 
wwpreciable voltage drop over a short section of the 
welding loop, a section of manganin, a high resistance 
alloy, is inserted in the electrode holder. The voltage 
drop across the manganin section is large since its re- 
sistance 1s about 26 times greater than that of the 
electrode material. This method of current measure- 
ment, however, limits the maximum welding current 
because of the large increase in the welding loop re 
sistance. 

Introduction of an electrode holder containing a man- 


ganin shunt into the welding loop of a typical large spot 
welder reduced the welding current 16.7°> when all other 


welding conditions were maintained constant. If weld- 
ing technique were established with an electrode holder 
containing a manganin current shunt, and the standard 
electrode holders were then placed in the machine for 
production welding, the welds made would be grossly 
oversize. If the welder were being operated at maximum 
capacitance and voltage to produce acceptable welds in 
a given thickness of material, introduction of the shunt 
would make it impossible to produce such welds with the 
machine. In production checks, however, the error in 
the shunt measurement could be assumed to remain 
constant, in which case the consistency of machine 
operation could be checked with the conventional equip- 
ment, 

In the research on spot welding heavier gages of 
aluminum alloy, the effect of the shunt in reducing the 
welding current prevented its use when the machine had 
to be operated at maximum energy in order to produce 
nuggets in the material being welded. An alternative 
method of measuring the secondary current by means 
of a pick-up coil, shaped as a toroid, and an integrating 
circuit was then developed.* This unit slipped over the 
welder electrode holder, so that it could be installed 
almost instantly without stopping production, and 
produced an accurate record of the welding current 
without in any way affecting the current. Its advan- 
tages were so obvious that several aircraft companies 
have now built such units and tested them in production. 
They have been found very satisfactory on magnetic 
ind condenser type energy storage welders which produce 
bulse discharge welding current. For measurement of 
welding current produced by a.-c. welders, a simpler 
toroid and associate circuit can be used.* 


A. Detail of gage mounting 


Description of Instruments 


The new equipment for measuring 
spot-welder tip force and welding cur 
rent consists of a slip-on unit which 
is attached to one of the standard 
electrode holders of the spot welder. 
The slip-on unit contains a_ strain 
gage bridge and a toroid coil assem- 
bly. The output of the slip-on unit 
is connected by means of a shielded 
cable to the necessary amplifiers and 
oscillograph located at a distance from 
the welder to avoid the strong mag 
netic fields of the secondary circuit 
of the welding transformer 


Slip-on Strain Gage l nit 


Figure 4 shows the laboratory model 

of the metal sleeve slip-on strain gage. 

The unit is placed on the electrode 

holder and is rigidly fastened to it by means of eight set 
screws. Thus, the slip-on sleeve takes a longitudinal 


strain when force is applied to the electrode holder. The , 


cross-sectional area of the sleeve where the strain gages 
are mounted is so chosen that, when maximum compres 
sion occurs, the elastic limit of the metal sleeve is not 
exceeded. The laboratory model was made of hard 


rolled brass with an inside diameter of |',21n. and asleeve « 


wall thickness of '/y, in. Forces as high as 9000 Ib 
were measured without distortion of the sleeve or slip 
page of the clamping screws on the electrode holder. 
When the slip-on strain gage unit is used separately from 
the current measuring unit, a cylindrical cover 1s slipped 
over the sleeve to protect the strain gages from me 
chanical damage. The resistance strain gages are 
wound double, as shown in Fig. 6, to reduce inductive 
pickup. All four gages of the Wheatstone bridge circuit 
are mounted on the slip-on unit. In this way maximum 
bridge unbalance is obtained when the sleeve is stressed 
In addition the entire bridge 1s subjected to the same 
temperature effect. Figures 4 and 5 show the mounting 
of the gages on the sleeve. Two gages are mounted 
parallel to the axis of the electrode holder and are com 
pressed when force is applied to the electrode holder. 


Fig. 3—Six-Element Magnetic Oscillograph Commonly Used 
to Record Spot-Welder Variables During Weld Cycle 
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Fig. 4—-Laboratory Model of Slip-on Strain Gage Unit 


Complete Unit with Protective Cover Removed 


Unit Mounted on Electrode Holder 


of Spot 


method of demodulation can 
either the conventional full wa 
rectifier or the ring demodulato, 
In using the conventional full way 
rectifier circuit, the output of th. 
rectifier should be fed into an 
derived half section filter networ| 
The filter network should be cx 
signed so that it has infinite atte: 
uation at twice the audio frequency 
used to excite the Wheatston 
bridge since this is the lowest ripp) 
frequency present in the rectifie: 


output. Figure 7 shows the wiring 
diagram for the above-mentioned 
circuits. 


The sensitivity of conventional 
recording elements for magnetic os 
cillographs ranges from 5 to 10 ma 
per centimeter deflection. This ap 
plies to the older type of mag 
netic oscillograph elements. Mod 
ern galvanometer type oscillograph 
elements are many times more sen 
sitive. More sensitive elements ar 
made but cost more than the stand 
ard elements and are harder 1 
obtain. Since the recording el 
ments also have a very low resist 
ance, less than 10 ohms, the d.-« 
output variation of — the 
demodulator must be changed int 
a current variation. The particular 
current amplifier used is shown im 
Fig. 7. 


voltage 


TAT 1 
Welder 


Fig. 5 Sketch of Slip-on Unit Showing Strain Gage Bridge 


The other two gages are mounted circumferentially so 
that when the slip-on sleeve expands, because of Poisson's 
ratio, the gages are elongated. Each gage has two 
tightly wound number 28 enamel: covered lead wires 
which are brought out perpendicular from the sleeve to 
reduce inductive pickup. The four gages are then 
formed into a Wheatstone bridge at the balancing net- 
work. Because of the slight variation in strain gage re- 
sistance and capacity to ground, the Wheatstone bridge 
must be shunted by a balancing network consisting of 
variable resistors and capacities to obtain a balance when 
the electrode force is zero. 

The Wheatstone bridge is excited by means of an 
audio oscillator operating anywhere from 1000 to 5000 
cycles per second. The higher frequency és preferred 
since the necessary amplifiers may then be péaked at the 
high audio frequency and the low frequency inductive 
pick-up signal will then be attenuated. After ampli- 
fication of the modulated audio-frequency output of the 
Wheatstone bridge, the signal is demodulated so that a 
single line trace is obtained for the force cycle. The 
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The usual method of calibrating strain gages may b 
used for the slip-on strain gage. The bridge is initially, 
balanced when the unit has no force applied to it. A 


Fig. 6 Method of Winding Strain Gages with Doubled Wire 
to Reduce Inductance and Pick-up Effects 
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Fig. 7—Wiring Diagram of Auxiliary Electronic Equipment Used in Connection with the Slip-on Strain Gage 
Bridge. This Equipment Is the Same As That Used with Strain Gage Bridges Mounted on the Electrode 
Holder 


given value of resistance is then shunted across the tip force obtained on two successive spot welds made 
bridge, unbalancing it. The magnitude of force this under nearly identical conditions. The first record was 
unbalance and corresponding deflection represent can made with the conventional arrangement of the strain 
be determined by placing a mechanical force gage be gage bridge mounted directly on the electrode holder 
tween the welding tips. If all the electrode holders shown in Fig. 2. The second record, which shows an 
used have the same cross-sectional area and modulus identical force trace, was made with the slip-on strain 
of elasticity, the calibration can be made once and used gage assembly. The slight ripple on the force record 
thereafter. If more accurate measurements are desired, was caused by improper attenuation of the strain gage 
each electrode holder has to be calibrated when the slip- carrier frequency. 
on unit is placed on the electrode holders. 
Details of recording by a cathode ray oscillograph will Slip-on Toroid Unit 
be discussed in the latter part of this report. The second element of the slip-on assembly is a pick-up 
Figure 8 shows magnetic oscillograph records of welder coil shaped as a toroid which is used to measure the 


60 cycle timing wave 60 cycle timing wave 


AV AV AN A AV AUR 


Secondary 
current 


Secondary 
current 


Tip force 


Tip force 


Primary 
voitage 


“voltage 


Primary current Primary current 


A. Welder Tip Force Record Obtained with Strain Gage Mounted B. Welder Tip Force Record Obtained with the S 
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in Electrode Holder, as Shown in Fig. 2 Gage 


Fig. 8-—-Oscillograms of Welder Tip Force on Successive Spot Welds Made Under Identical Conditions. 
Record A Was Obtained with the Conventional Strain Gage on the Electrode Holder. Record B Was Ob- 
tained with the Slip-on Strain Gage Unit. When Superimposed, the Two Force Traces Are Identical 
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secondary welding current of the spot welder. The 
toroid consists of commercially available small cylin- 
drical air core radio frequency choke coils which are 
grouped in the form of a toroid in a bakelite case, Fig. 9. 
The toroid assembly is slipped over one of the electrode 
holders of the spot welder and is fastened in place by a 
set screw, Fig. 10. For a compact unit, the inside diam- 
eter of the toroid may be made so that it will fasten 
over the slip-on strain gage. 

The size of toroid is determined by the magnitude of 
welding current to be measured and the amount of 
amplification available between the toroid and the re 


* 
Q 


~ 


Fig. 9-—-Toroid Pick-up Assembly Used to Measure Welding 
Current. Cover Removed in Right-Hand Photograph to Show 
Choke Coils Arranged as a Toroid 


Fig. 10—Toroid Pick-up Assembly in Place on Electrode of Spot 
Welder 


cording oscillograph. The laboratory model toroid was 
made a little larger than necessary since 4mple space 
was available around the electrode holders and propor- 
tionally less amplification was necessary. Toroids hav- 
ing a diameter of only an inch larger than the electrode 
holder could be used if the necessary voltage amplifiers 
were constructed. 

The laboratory toroid occupied a cylindrical volume 
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HOLDER 


RETURN LEAD 
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CENTER TAP 
CONNECTION 


TOROID OUTPUT 


Fig. 11—Detail of Electrical Connections of Toroid 


All coils are connected in series. The end connection returns 
through the center of the coils to cancel the loop inductive effect 
of the toroid. The grounded center tap is connected between the 
sixth and seventh coils, splits to encircle the welder electrode, and 
is connected to the sheath of the cable to the amplifier. 


about 2 in. high and 5 in. in diameter. Twelve coils of 
3140 turns each, approximately | in. in diameter and 
*/s in. high, comprised the toroid winding, Fig. 11. 
Particular attention was given to the way the coils were 
connected. All the coils were connected in series so 
that their inductances were additive. The end lead of 
the last r. f. choke coil was looped back through the 
center of the other coils. This prevented the entire 
toroid from acting as a one-turn loop and thus made it 
possible to induce voltage in the toroid only by means 
of the,changing current which passed through the axis 
of the toroid. When the toroid was placed directly 
beside, but not encircling the electrode, no pickup oc- 
curred. A center tap connection was made to the toroid 
between coils number six and seven and was connected 
to the ground sheath of the cable to the amplifier. To 
eliminate electrostatic pickup, the leads from the toroid 
were enclosed in a grounded sheath. 
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Fig. 12—Integrating Circuit Used in Connection with Toroid 
Pickup 
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Fig. 13—Oscillogram Showing Simultaneous Measurement of 
Welder Secondary Current by Current Shunt and by Toroid 


The wave shapes are identical throughout the significant region 
when the weld is being formed. 


The voltage induced in the toroid is the product of the 
mutual inductance between the electrode holder and the 
toroid, and the rate of change of the welding current 
passing through the electrode holder. Thus, to obtain 
the magnitude of welding current and its wave shape, 
the output voltage of the toroid must be integrated. 
This is accomplished by means of a resistor and con- 
denser connected in series across the toroid output 
terminals. The voltage developed across the condenser 
is the integrated output voltage, Fig. 12. By choosing 
the time constant of the integrating circuit, 1.e., the 
product of the integrating resistance and capacitance, 
so that it is about 50 times that of the total time for the 
welding current discharge, the wave shape of the output 
voltage of the integrating circuit is identical to the wave 


It can be shown 
that, by substituting the equation for the welding current 
discharge in the differential equation for the integrating 
circuit, the relation between the output voltage of the 


shape of the welding current, Fig. 15. 


integrating circuit and the welding current passing 
through the axis of the toroid is given by 
M 
= 
RC 
where 
M = the mutual inductance between the toroid and 
electrode holder 
Rand C = the integrating resistance and capacitance 
I = the secondary welding current 
e = the toroid integrated output voltage 


This is true only if the product RC is many times larger 
than the time length of the welding current discharge. 
Thus, by measuring or recording the integrated voltage 
ouput of the toroid and knowing \/, R and C, the weld- 
ing current is immediately determined. 

The values of R and C were determined accurately by 
measurement with an impedance bridge. The mutual 
inductance between the toroid and electrode holder 
was measured in the following way. An a.-c. current 
of 50 amp. was passed through the electrode holder. 
The output voltage of the toroid was measured by means 
of a calibrated vacuum tube voltmeter. The output 
voltage of the toroid is related to the electrode current by 


e = 
where 


e = effective value of voltage measured across 


toroid output terminals 
I = effective value of a.-c. current passed through 
electrode holder 
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Fig. 14—-Calibration and Amplifier Circuits Used to Measure Secondary Current with Toroid Pick-up Unit 
and Magnetic Oscillograph 
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frequency of a.-c. current passed through elec- 
trode holder 
\f = mutual inductance between toroid and electrode 
holder in henrys 


In this way, the value of mutual inductance was imme- 
diately calculated. In making this measurement a 
number of values of current between 50 and 200 amp. 
were passed through the electrode holder. A plot of e 
versus J was made in order to see if any errors in meter 
readings or in meter scale multiplication had occurred. 
The curve was a straight line through the origin, indicat- 
ing no error. The value of mutual inductance deter- 
mined by this test is then the value of mutual inductance 
that will occur between any similar welding electrode 
holder and the toroid. 

The mutual inductance of the toroid used in the 
laboratory was 67.52 uh. With the integrating constants 
shown in Fig. 12, the output voltage for 50 kiloamp. 
peak welding current was 0.67 v. Since full scale de- 
flection of the magnetic oscillograph was obtained with 
0.67 v. input to the toroid amplifier, a switching arrange- 
ment was incorporated in the integrating circuit so that 
full seale deflection could be obtained with 50, 100, 150 
or 200 kiloamp. of welding current. 

To obtain the necessary current to deflect the mag- 
netic oscillograph elements (65 ma. for 9 em. deflection), 
the output voltage of the integrating circuit was ampli- 
fied, Fig. 14. The first amplifier using a 6SL7 gave a 
voltage gain of 25. The 10,000-ohm potentiometer in 
the plate voltage circuit of the 6SL7 was adjusted so 
that the grid-to-grid voltage of the 6A5G tubes was zero 
when the input signal was zero. The 
second stage of the amplifier was a 
current amplifier using push-pull ~ 
HA5G tubes. The 1000-ohm plate 
resistor in this stage was adjusted so 
that the oscillograph element current 
was zero when the input to the 
amplifier was zero. The potentiom- 
eter across the 300-v., 20-ma. power 
supply was adjusted so that the total 
current required by the 6A5G tubes 
was 200 ma. with no signal input. 
By using a push-pull circuit from the 
toroid to the magnetic oscillograph 
element, any fluctuation in the d.-c. 
power supply was cancelled out. 
Another advantage of the push-pull 
construction was that the no signal a 
oscillograph element current was "a 
zero. The toroid amplifier was found 
to be linear for current outputs as 
high as 70 ma. A reversing switch 
was placed in the input of the ampli- 
fier in order that, irrespective of in- 
put voltage polarity, the oscillograph 
element would be deflected in one 
direction. The reversing switch could 
be replaced by a relay connected to 
the spot welder so that when the polar- 
ity of discharge to the welding trans- 
former was changed, it would also 
change the amplifier input voltage 
connections. 

A calibrating voltage was incorpo- 2 
rated in the amplifier, so that the 
oscillograph deflection could be cali- 
brated in steps of one fourth of full scale 
deflection. Note that for the different 
range positions of the toroid integrating 
circuit, the output voltage is always the 
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same, 0.67 v., for the maximum current for that rang, 
position. Thus, only one value of voltage was necessary 
to calibrate the oscillograph deflection for full scale de 
flection for the 4 kiloamp. ranges of the toroid integrating 
circuit. The variable resistor in the calibrating circuit 
is adjusted so that the voltage across points 1-1 is the 
same as the toroid output voltage for full scale deflection 
Steps are provided in the calibrating voltage so that 
1/4, 1/5 and */, full scale deflection could also be checked 


Cathode Ray Oscilloscope 


The force and current traces produced by the slip-o: 
unit and auxiliary equipment may be reproduced a 
shown in Fig. 15, on the screens of any of several com 
mercially available cathode ray oscilloscopes. It i 
desirable to have an oscilloscope tube with a scree: 
diameter of at least 5 in. in order that reasonably a 
curate measurements may be made from the traces 
For visual observation and measurement, a long per 
sistence screen, such as the Dumont 5LP7, is desirabk 
For photographic recording of the traces, a blue screen 
such as the Dumont 5LP5, is recommended, although 
with new high speed panchromatic films, the gree: 
screens used for visual observation may be readily 
photographed with transients as slow as those obtained 
from spot welders. 

The equipment used in the laboratory consists of a 
Dumont 208 cathode ray oscilloscope with a 5-in, diam 
eter tube. The simple attachment shown in Fig. 16 
supports a 35-mm. Perfex camera which has been pro 
vided with a lens extension tube so that the sereen of the 
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Records of Three Successive Spot 
Welds with Advanced, Normal and 
Excessive Forge Force Delays, Respec 
tively. By Several 
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Welder Control Operation and Cali 
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Fig. 15—Photographs of Screen of Cathode Ray Oscilloscope, Showing Simultaneous 
Traces of Secondary Current and Welder Tip Force, Obtained with Slip-on Unit 
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Fig. 16—Camera Attachment Used with Dumont No. 208 
Cathode Ray Oscilloscope. It May Be Swung Out of the Way 
Quickly for Visual Observation of the Screen 


CRO tube may be sharply focused. For visual opera 
tion, the camera assembly swings to one side. When a 
record is to be made, the camera is swung into place, 
the shutter opened, the welder operated and the exposure 
terminated. The device then swings out of the way 
until another picture is desired. 

The Eastman Kodak Co. of Rochester, N. Y., now has 
available a high contrast film, Eastman Recording Safety 
Negative Film Code No. 5211, especially made for 
photographing cathode ray tube traces. Regular East- 
man panchromatic Super XX can be used but it has the 
disadvantage of having to be developed in total darkness 
while the special film can be developed under a red safe- 
light. 

To obtain two simultaneous traces of different pheno- 
mena with a single beam cathode ray tube, an electronic 
switch is required. This device permits a simultaneous 
observation of two separate phenomena by alternately 
switching first one and then the other signal to the input 
of a cathode ray oscillograph. In this way the current 
and tip force traces may be reproduced simultaneously 
on the screen. The switching rate may be made fast 
enough so that both traces appear to be continuous 
However, it is advantageous in recording welder tran 
sients to adjust the switching rate to obtain discrete 
dots in the traces. Thus, when the switching rate is 
known, the dots automatically give a time measure on 
the traces. 

Since the force trace and toroid output voltage are 
slowly yarying d.-c. potentials, the electronic switch 
performs another desirable function in addition to switch 
ing. By interrupting the two signals, the output fre- 
quency of the electronic switch is determined by the 


switching rate. Thus the d.-c. signals of the force and 
current are changed into an a.-c. signal which the con 
ventional RC coupled amplifiers in the oscilloscope can 
amplify. 

The particular electronic switch used in the laboratory 
was the Dumont type 185-A. The voltage output for 
the force trace should be taken from the load resistor 
for the M derived filter, Fig. 7. The current amplifier 
following the filter is not necessary when cathode ray 
recording is used. To record the current trace, the 
toroid amplifier is not necessary. The output of the 
toroid integrating circuit can be connected to the elec- 
tronic switch through a cathode follower circuit, Fig. 17 
The cathode follower is necessary to prevent shunting 
the integrating condenser with the gain control in the 
electronic switch. 

To observe the transients of welding current and tip 
force, it is desirable that the beam of the cathode ray 
oscilloscope sweep across the screen in synchronism with 
the welding operation. The sweep speed should be low 
enough so that the entire current surge and the welding 
and forging tip forces are shown clearly enough to be 
measured. A single sweep circuit of the type shown in 
Fig. 18 is needed since the Dumont 208 has only a re 
current sweep. To initiate the sweep, use may be made 
of a relay connected to the microswitch or any other 
switch which initiates the current surge in the spot 
welder. Because of the time delay in relay operation in 
the welder, a short portion of the base line is recorded on 
the screen before the current surge begins. 

To calibrate the current trace on the cathode ray 
screen, a given d.-c. voltage may be applied to thi 
cathode follower input terminals. Since the output 
voltage for a given peak value of welding current is known 
for the toroid circuit, the calibrating voltage can be 
selected so that a given deflection on the cathode ray 
tube screen corresponds to a certain value of welding 
current. 

Phe cathode ray oscilloscope offers several distinct 
advantages over the magnetic oscillograph in measurt 
ments of spot-welder tip force and current. In con 
nection with the slip-on instruments described, the 
cathode ray oscilloscope makes possible almost instan 
taneous measurements. Adjustments in the spot welder 
can be made and checked in rapid succession when the 
cathode ray oscilloscope is used for visual observation, 
vet permanent records can be obtained without delay 
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Fig. 17—-Cathode Follower Used to Prevent Shunting of Inte- 
grating Circuit by Gain Control in Electronic Switch 
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The cathode ray oscilloscope is particularly advan 
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Part III—The Spot Welding of Wire-Brushed 24S-T Alclad 
Aluminum Alloy Sheets in Thicknesses from 0.081 
to 0.125 In., Inclusive 


Abstract 


This report summarizes results of a study of the technique of 
spot welding 24S-T Alclad aluminum alloy sheets of 0.081, 0.091, 
0.102 and 0.125 in. thickness. The investigation was carried out 
with a press type condenser discharge aluminum spot welder with 
a maximum capacitance of 7500 wf and a maximum tip force of 
9000 Ib. Curves and data are presented to show the influence of 
welding machine variables upon weld strength, geometry and 
quality. Optimum welding techniques are indicated for the listed 
gages. The maximum energy storage capacity (7500 uf at 3000 v.) 
was found to be inadequate to produce nuggets of diameter three 
times the sheet thickness in 0.156-in. 24S-T Alclad aluminum alloy 
This energy could not produce a nugget in 0.188-in. material under 
any combination of welding machine settings. The maximum tip 
force of 9000 Ib. was not adequate to produce crack-free weld 
nuggets in 0.125-in. or thicker sheets. 


Introduction 


HIS report summarizes the results of a study of 

machine variables and the technique of spot weld- 

ing wire-brushed 24S-T Alclad aluminum alloy 
sheets of 0.081, 0.091, 0.102 and 0.125 in. thickness. 
The welding equipment, instrumentation and test pro- 
cedure have been described in previous reports.* The 
press type condenser discharge aluminum spot welder 
used for this research was loaned by the Federal Welder 
and Machine Co., and was provided with electronic 
control by the Westinghouse Electric and Manufactur- 
ing Co. Its maximum energy storage capacity was ob- 
tained with 7500 uf charged to 3000 v. It was modified 
to provide a maximum tip force of 9000 1b. All tests 


* See Report No. 1, “Instrumentation of the Spot Welder and Investigation 
of the Spot Welding of 0.091-In.-0.091-In. 24S-T Alclad Sheet,” R. C. Me- 
Master and N. A. Begovich, February 1, 1945, WPB-161; and Report No. II, 
‘‘New Portable Instruments for Rapid Measurement of Welding Current and 
lip Force in Spot-Welding Machines,’ N. A. Begovich and R. C. McMaster, 
April 1, 1945, WPB-161. Also published in Oct. 1945 Welding Research Sup- 
plement. 
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were made with wire-brushed 24S-T Alclad aluminum 
alloy in two layer equal thickness combinations. 


Test Procedure 


The approximate optimum welding procedures and 
conditions were established by exploratory welding in 
each gage. Welds were then made throughout the 
feasible range of condenser voltages and secondary cur- 
rents (a) with the optimum secondary current wave 
shape, (b) with a steeper current wave and (c) with a 
flatter current wave. Welds of three sizes were made 
with the optimum current wave shape throughout a 
wide range of tip forces during welding. Welds of three 
sizes were made with the optimum current wave shape 
and tip force during welding, but with different forge 
forces, throughout the range of possible forge force de- 
lay times. All welds were radiographed. Oscillograms 
were made at each typical welding condition. Several 
welds made under each condition were pulled to failure 
in static shear and in static tension. At least one weld 
from each welding condition was sectioned and macro 
graphed. The resultant weld properties were correlated 
with the conditions of welding. 


Test Results 


(a) Secondary Current Wave Shapes and Magnitudes. 
Figure 1 lists the secondary current wave shapes used 
with each gage and the machine settings used to obtai! 
them and also shows the relation of the magnitude of th 
peak secondary current to the condenser voltage. Ex 
planation of the wave shape nomenclature is shown 1! 
Fig. 12. 
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© TABLE I 
Peak secondary current in kiloamperes. Figure in 
varentheses after current value is static shear 
ols & strength in pounds. 
song wave shape Liedium wave shape; Short wave shape 
Wave shape To) 24-29 20-24 12-14 
4 ° Forge force time delay | 57 msec 47 msec 37 msec 
“1/3/38 3.0 6765 (1900) 72.0 (2000) 79.0 (1270) 
o;n| 3.5 71.5 (2150) 77.0 (2350) 85.3 (2070) 
° 4.0 78.9 (2550) 84.0 (2780) 97.0 (2650) 
S| Wave shape (Tj, To) 38-70 28-42 26-30 
° ° Porge force time delay | 137 msec 76 msec 57 msec 
118/38] 3.0 61.5 (2250) 68.5 (2200) 73.0 (2250) 
3.5 66.3 (2600) 7325 (2500) 78.5 (2560) 
° 4.0 72.0 (3000) 83.0 (3220) 86.0 (3050) 
nN 
Wave shape To) 46-74 38-50 28-30 
Giele Forge force time delay | 136 msec 96 msec 74 msec 
wv] 8 8 3.0 77.0 (2920) 83.0 (2880) 91.5 (2400) 
al 3.5 80.2 (3520) 88.2 (3250) 98.5 (3100) 
c 4.0 87.0 (3950) 94.5 (3500) 111.5 (3800) 
wo 
2 Wave shape (1), To) 56-110 45-65 34—43 
Fi a! Forge farce time delay | 155 msec 113 msec 78 msec 
sis 3 3.0 62.0 (4200) 87.5 (4100) 99.5 (4050) 
3.5 91.0 (4500) 95.0 (4800) 
ad 4.0 ---- ---- ---- 


(b) Weld Nugget Size and Shape.—The relation be- 
tween weld nugget diameter and the peak secondary cur- 
rent is shown for each wave shape and material thickness 
in the curves of Fig. 2. These data were obtained with 
the optimum tip pressure during welding. The effect 
upon weld nugget diameter of varying the tip force dur- 
ing welding is shown for optimum wave shape in each 
gage in the curves of Fig. 3. 

The relations between weld nugget penetration and 
welding current and tip force are shown by the curves of 
Figs. 4 and 5, respectively. 

(c) Static Shear and Tension Strengths.—The relation 
of static shear and tension strengths to the peak second- 
ary current is shown for each wave shape and gage in 
the curves of Fig. 6. The effect of varying the tip force 
during welding is shown in Fig. 7. 

(d) Nugget Cracking and Porosity.—-The range of 
crack-free nonporous weld nuggets is shown as a function 
of nugget diameter, forge force and forge delay time in 
the curves of Fig. 8. These regions were determined by 
radiographing the welds. 

(e) Nugget Extrusion and Expulsion.—Tips of rela- 
tively large radius (9 to 18 in.) and adequate tip forces 
during welding were used to eliminate expulsion, ex- 
trusion and excessive sheet separation throughout the 
range of acceptable welds. Only with tip forces lower 
than recommended, or with extremely large nugget 
diameters, did these defects appear in the test runs. 

(f) Strength Consistency.—Static shear strength consist- 
ecy is indicated foreach condition of welding by the bands 
in Fig. 9, showing the spread in strengths as a function 
of secondary current. Static shear strength consistency 
for the recommended optimum welding conditions 1s 
shown for groups of 25 welds each in the charts of Fig. 10. 

(g) Effect of Spot Spacing.—The effect upon weld 
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nugget diameter of varying the spacing between succes- 
sive spots in a single row is shown in the curves of Fig. 11. 
The nugget diameters were determined from radiographs. 

(h) Recommended Optimum Welding Conditions.—The 
recommended optimum welding conditions for a con- 
denser discharge spot welder with 7500 wf maximum 
capacitance and 9000 Ib. maximum tip force are pre 
sented in Table I. 


Conclusions 


Acceptable spot welds in 24S-T Alclad aluminum alloy 
prepared by wire brushing can be made under the condi- 
tions listed in Table I. 

The peak secondary welding currents required to form 
weld nuggets of 3, 3.5 and 4 times the sheet thickness, 
with optimum current wave shape and welding condi- 
tions, are shown in Table I as a function of material 
thickness. These data are a direct indication of the ma- 
chine capacities required. 

Tip radii smaller than 6 in. are inadequate for spot 
welding gages larger than 0.081 in. thickness, and cause 
excessive expulsion, nugget extrusion and sheet separa- 
tion when used with heavier gages. Tip radii of the 
order of 9 to 18 in. should be used with gages of 0.091 to 
0.125 in. 

_ Higher tip forces during welding permit a wider range 

of nugget sizes to be made without extrusion, expulsion 
or excessive sheet separation. Nugget penetration de- 
creases slowly, but nugget diameter changes relatively 
little, when tip force during welding is increased with 
normal welding current. 

Higher tip forces during forging widen the range of 
forge delay times which produce crack-free welds and in- 
crease the latitude of acceptable machine settings. 
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The Spot Welding of Dissimilar 
Thicknesses of Alclad 24S-T 


By W. F. Hess,t R. A. Wyant! and B. L. Averbach! 


ANY aircraft designs now call for the spot weld- 

ing of dissimilar thicknesses of Alclad 24S-T. 

In addition, there is often the restriction that 
one of the surfaces remain smooth, with no indentation 
or other distortion. This report describes some pre 
liminary work on the spot welding of 0.020- to 0.040-, 
0.020- to 0.064- and 0.020- to 0.125-in. Alclad 24S-T and 
methods of leaving either the thick or the thin sheet 
smooth, 

The position of a spot weld in relation to the faying 
surfaces is affected by: 

1. The shape and size of each electrode. 

2. The conductivity of each electrode. 

3. The contact resistance at the faying surfaces. 

This report evaluates the relative effect of each of these 
factors in determining the location of the zone of fusion. 
No attempt was made to measure the shear strength of 
these specimens since it was assumed that a reasonable 
microsection was indicative of a reasonable shear 
strength. 

All welding was done on a condenser discharge machine 
using electrodes of 85% conductivity unless otherwise 
specified. Penetrations were measured by clamping the 
specimens on a traverse table equipped with longi 
tudinal and transverse movements which could be 
measured to 0.001 in. This traverse table was used in 
conjunction with the ocular on a Vickers hardness ma- 
chine, and the percentage penetrations were calculated 
on the basis of the original sheet thickness. Usually, 
there was so little surface indentation visible in the 
microsection that this method of calculation was justified. 

Contact resistances were measured by clamping the 
specimens between a pair of 4-in. radius dome-shaped 
electrodes mounted in a hand-operated hydraulic press. 
Potential connections were made to each sheet by means 
of alligator clips, and the sheet-to-sheet contact re- 
sistance was then measured with a Kelvin double bridge. 
A pressure of 1000 Ib., and a direct current of 70 amp. 
were used for the measurement. 


The Spot Welding 0.20 to 0.40-In. Alclad 24S-T 


The results of welding 0.020- to 0.040-in. Alclad 24S-T 
with different combinations of flat tips are summarized 
in Table 1. It should be noted that with the exception of 
welds F and G, all of the material was prepared for weld- 
ing by wire brushing which resulted in a low surface 

* Report No. 8 on Aircraft Spot Welding Research. Original Report sub- 


mitted to the N.A.C.A. in June 1942. 
t Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y. 


resistance. With two flat tips of equal size, Fig. 1 (A), 
it is possible to obtain good fusion at the interface, but 
there is, of course, some indentation of each sheet. 
Figures 1 (B) and (C) show that it is also possible to 
obtain good welds in this combination of thicknesses by 
using two flat electrodes of different size on wire-brushed 
stock. The surface against the larger flat remains un- 
indented, and the larger flat may be put against either 
the thick or the thin sheet without affecting the fusion 
at the interface. 

When one of the tips was a dome and the other a flat, 
Fig. 1 (D) shows the result of placing the dome tip against 
the thinner sheet. This condition produces excellent 
fusion at the interface. When the dome was placed 
against the thicker sheet, Fig. 1 (2) shows that all the 
fusion was in the thick sheet and there was no weld at 
the interface. Occasionally, this latter combination of 
electrodes would produce enough fusion at the interface 
to tear out a plug in fracture, but an examination of a 
large number of welds showed that such cases were rare, 
and that in 95° of the welds there was no fusion at the 
interface. This indicates that the dome tends to con- 
centrate the current, and that the rate of heat dissipa- 
tion through the dome tips is less than through the °® 
in. flat tip, so that the zone of fusion tends to form closer 
to the dome than to the flat. 

If the thinner sheet is to be kept smooth, therefore, a 
combination of two flat tips with the large flat against 
the thin material should be used. The large tip need 
only be '/s in. greater in diameter than the small tip 
to prevent indentation. If the thicker sheet is to be kept 
smooth, a combination of either a small flat or a dome, 
together with a larger flat may be used, with the dome or 
small flat against the thin material. 

An increase in the surface resistance by the use of 
chemical treatments allows the use of the dome tip 
against either side to obtain fusion at the interface. 
Figure 1 (F), when compared with Fig. 1 (/), shows 
how an increase in sheet-to-sheet contact resistance has 
moved the zone of fusion so that there is fusion in both 
sheets. 

Comparison of Figs. 1 (F) and 1 (G) shows that with 
such a high contact resistance, good fusion will occur at 
the interface regardless of which sheet is kept smooth by 
being in contact with the flat electrode. It should be 
realized that the attempt to weld with high surface re- 
sistance, results in a tendency toward irregularly shaped 
zones of fusion, and that the production of surface re 
sistances of this magnitude is difficult to accomplish 
consistently. 

Some of the cracking listed in Table 1 was caused by 
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Table 1 (Data for Fig. 1)—Welding of Dissimilar Thicknesses, 0.020-0.040-In. Alclad 24S-T 


Contact Electrodes ©), Penetration— 
Fig. 1 Surface Resistance, Pressure, Against Against 0.020-In. 0.040-In. 
Ref. Treatment Microhms Lb 0.020 In. 0.040 In. Sheet Sheet Remarks 
A Wire brush 10 675 +/1¢ in. 3/16 in 40 59 Good weld 
Wire brush 10 675 ig itl. 5 /y¢ in. 59 15 Good weld 
Wire brush 10 675 ig in. 3/16 in. d4 73 Cracked, weld too hot 
B Wire brush LO 675 3/i6 in. 7/39 in. 20 30) Good weld 
Cc Wire brush 10 675 7/39 in. 16 iM. 29 32 Good weld 
Wire brush 10 675 2'/. in. R 16 in. 1S 36 Slight cracking 
Wire brush 10 675 5/16 in. 2'/, in. R 0 71 Occasional weld at interfa 
Wire brush 10 675 4in. R §/1¢ in. 59 20 Large amount of unmelt 
cladding 
Wire brush 10 675 5/16 in tin. R 0 63 
D Wire brush 10 LO00 4in. R ‘ye in. 57 38 Good weld 
E Wire brush 10 L000 5/), in fin. R 0 70 
F HF 170 675 5/15 in 1/,in. R 57 65 Good weld 
G HF 170 675 2'/. in. R >/1¢ in 19 52 Good weld 


the low welding pressures used. Occasionally, a weld 
would also crack because of excessive penetration in one 
sheet. 


The Spot Welding of 0.020- to 0.064-In. Alclad 24S-T 


With a dissimilar thickness ratio of 3:1 (0.020- to 
0.064-in. Alclad 245-T), Table 2 shows that two flat tips 
of equal size may be used. It is necessary to make a 
large weld, as can be seen in Fig. 2 (A), to bring the fusion 
to the interface, and both surfaces are indented. 

Experience with the welding of 0.020- to 0.064-in. 
Alclad 24S-T, typical examples of which are included in 
Table 2, indicated that whenever the attempt is made 
to keep the thin sheet smooth by using a flat tip in con- 
tact with the thin sheet and a dome or smaller flat against 
the thicker sheet, the fusion takes place entirely in the 
thicker sheet. It should be noticed that all of the welds 
described in Table 2 used wire brushing as a means of 
surface preparation. 

When it is desired to keep the thicker sheet smooth, 
it is easily possible to bring the fusion to the interface 
by using a dome-shaped or a small flat electrode tip in 
contact with the thin sheet. Figure 2 (B) shows that 
satisfactory fusion at the interface may be obtained with 
a smaller flat against the thinner sheet. On the other 
hand, Fig. 2 (C), shows that with the reversed condition, 


Table 2 (Data for Fig. 2)—Effect of Electrode Contour on the Welding of Dissimilar Thicknesses, 0.020-0.064-In. Alclad 24S-T 


using the larger flat against the thinner material, no 
fusion occurs at the interface. A reduction in pressur 
was not effective in bringing the weld to the interfac: 
Since only the surface which bears against the larger 
flat is left smooth, it is impossible, therefore, with a low 
sheet-to-sheet contact resistance to weld 0.020-1 
material to 0.064-in. material without indenting th: 
0).020-in. sheet. 

Table 2 also shows that the increased thickness rati 
makes it more difficult to melt the pure aluminum clad 
ding at the interface. 

Figure 2 (D) illustrates a weld made with every cond 
tion satisfactory from the standpoint of obtaining fusi 
at the interface. Even in this case there is a consider 
able portion of unmelted cladding remaining within thi 
fused zone. It should be noted that when welding di 
similar thickness material, the heavier sheet supplies t 
the weld a relatively large volume of the cladding m 
terial in proportion to the size of the weld or desirab\ 
amount of fusion in the thinner sheet. 

Figure 2 (£) is shown for comparison with Fig. 2 ()), to 
show the decided difference in the distribution of fusi 
which is brought about by reversing the arrangement | 
electrodes with reference to this unequal thickne 
combination. We here have an excellent example of th 
strong tendency of the dome-shaped tip to draw tl 
fusion toward the side against which the dome is placed 
[It should be noted that in this case the surface contact 


Contact Electrodes “,, Penetration 
Fig. 1 Surface Resistance, Pressure, Against Against 0.020-In. 0.064-In. 
Ref Treatment Microhms Lb. 0.020 In 0.064 In Sheet Sheet Remarks 
A Wire brush 10 675 3/16 in. b/i¢ in. 53 68 Large weld 
B Wire brush 10 675 3/1, in. 5/1, in. 19 35 Cracked 
Wire brush 10 675 in. 3/16 in. 0 78 
Wire brush 10 675 in. 7/99 in. Sheet separation 
Wire brush 10 675 in. in. 0 79 
Wire brush 10 675 lin. R 21 Sheet separation high 
Wire brush 10 675 6/1, in. lin. R 0 53 Fusion in center of thi 
sheet 
dD Wire brush 10 675 in. R in. 30 Considerable 
cladding 
E Wire brush 10 675 5/i¢ in. 1/, in. R 0 87 
Wire brush 10) 675 tin. R 6 in 78 $2 Porosity 
Wire brush 10 675 is in. 4in. R 0 86 
Wire brush 10 L000 tin. R 5/i¢ in 49 23 Considerable unmelt-¢ 
cladding 
Wire brush 10 L000 * */i6 in. tin. R 0 1) Fusion in center of thi 
sheet 
Wire brush 10 1500 tin. R 5 in 32 29 Considerable unmelte 
cladding 
Wire brush 10 L500 5/1, in. tin. R 0 70 Fusion in center of thi 
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Fig. 1--Effect of Electrode Contour on the Spot Welding of 
-T 0.020-0.040-In. Alclad 24S-T. 15 


resistance 1s low and, therefore, plays very little part in 
determining the location of fusion. 

The last six welds in Table 2 are described to indi 
cate that electrode pressure has very little effect in di 
termining the location of the zone of fusion in welds 
which initially have low contact resistance. This is 
logical, since the well-known effect of pressure on con 
tact resistance is not important when working with such 
low values of contact resistance. For these welds, a 4-in. 
radius dome was used since it should have a lesser 
tendency to draw the fusion zone in the direction of the 
sheet against which it is placed. The effects of pressure 
ire most evident in the extent of sheet separation and in 
the coutrol of cracking. When a dome or small flat is 

put against the thin sheet, the smaller electrode tends to 
punch into the thin sheet, and if the pressure is too high, 
‘ the sheets separate. If the pressure is too low, the welds 
crack. In many cases these effects overlap and if the 
dissimilar thickness ratio is high, and if the sheet-to-sheet 
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difficult to avoid 
¢ some sheet separation. 


contact resistance is low, it becomes 
cracking without introducin 


Surface Contact Resistance 


In an effort to weld 0.020- to 0.064-in. Alclad 24S-1 
so that the thin sheet remained smooth, the contact 
resistance was increased in small increments and welds 
were made with a 2' »-in. radius dome tip against the 
0.064-in. material and a °/ ;,.-in. flat against the 0.020-in. 
material. The large flat allowed no indentation in the 
0.020-in. sheet. 

Table 3 and Fig. 3 show the effect of contact resistance 
on the weld position. At 14 microhms (wire-brushed 
stock) the weld was entirely in the thick sheet. The 
same was true of chemically treated stock with the same 
surface resistance. At 2S microhms there was a partial 
breakdown of the cladding. At 41 microhms the cladding 
was melted out at several spots. At 34 microhms the 


o 


Fig. 2—-Effect of Electrode Contour on the Spot Welding of 
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cladding was completely melted out to form a good weld 
at the interface. <A further increase in surface resistance 
merely. tended to increase the penetration into the thin 
sheet. 

By using these intermediate surface resistances it was 
possible to make the welds small enough so that they 
were crack-free even at comparatively low welding 
pressures. In addition, the use of the large electrode 
against the thin sheet eliminated the punch effect, and 
there was no sheet separation. 

The contact resistances of Fig. 3 should not be char- 
acterized as high. Since the welds show none of the 
irregularities associated with high contact resistance, 
these resistances might be characterized as medium.' 
These intermediate steps in surface resistance were not 
always easy to obtain and this work indicates the need 
of a chemical treatment which is capable of consistently 
producing a medium surface resistance. In commercial 
practice many operators who use chemically treated 
stock are probably not obtaining the lowest resistance 
possible, but are actually using contact resistances which 
are in the same neighborhood as these intermediate 
values. Except for the likelihood of inconsistency, due 
to the poor reproducibility of contact resistances of this 
magnitude, this situation should prove advantageous in 
the welding of dissimilar thicknesses, or in the welding of 
similar thicknesses where different shaped electrodes are 
used. 


Effect of Electrode Conductivity 


The use of electrodes of different conductivity for the 
purpose of shifting the position of the fused zone was also 
investigated. An electrode with a conductivity of 50%* 
was used in combination with an electrode of 85% 
conductivity, and Table 4 shows that this difference in 
conductivity was not sufficiently strong in its tendency 
to shift the weld position to permit the use of a combina- 
tion of electrode tip contour which would avoid indenta- 
tion of the thinner sheet. In other words, the effect 
of weld contour in shifting the position of fusion was 
much stronger than the effect of electrode conductivity. 
When two flat electrodes of equal size were used, welds 
Nos. 1 and 2, the weld was shifted in the direction of the 
electrode with the lower conductivity. Comparison of 
weld No. 2 with weld No. 3 shows how a small change 
in diameter overcomes the effect of a large difference in 
electrode conductivity. When a large flat of low con- 
ductivity was put against the thin sheet and a dome or a 
smaller flat against the thick sheet, the difference in heat 
dissipation caused by the difference in thermal con- 
ductivity and the difference in the heat developed in each 
electrode, was still unable to place the fusion at the inter- 
face, as in the case of welds Nos. 4.and 5. A further dis- 
advantage in the use of low-conductivity electrodes lies 
in the fact that the rate of pickup on the low-conductivity 
tips 1s so rapid as to be entirely impractical to use in pro- 
duction. A decrease in electrode pressure was tried in 
conjunction with the low-conductivity tip but was also 
ineffective in changing the weld position, as in the case 
of welds Nos. 6 and 7. 

There is the possibility with a rapid rate of welding, 
say 100 welds per minute, that even a small difference in 
the tip conductivity might shift the position of the weld. 
If one tip were of 90% conductivity material and the 
other of 80% conductivity, the lower conductivity tip 

Fig. 3—Effect of Contact Resistance on the Spot Welding of 

Dissimilar Thicknesses 0.020-0.064-In. Alclad 24S-T. 15 x 


5/1s-In. flat against 0.020-in. material; 21/2-in. R dome against 
0.064-in. material. 4 

Contact resistance (microhms): A, 13; B, 28; C, 31; D, 34; 
E, 52; F, 84; G, 93. 


Copper = 100%. 
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Table 3 (Data for Fig. 3)—Effect of Contact Resistance on the Welding of Dissimilar Thicknesses, 0.020-0.064 In. Alclad 24S-T 


Contact ———Electrodes———.  —% Penetration—. 
ig. 3 Resistance, Pressure, Against Against 0.020-In. 0.064-In. 
Ref. Surface Treatment Microhms Lb. 0.020 In. 0.064 In. Sheet Sheet Remarks 
A Wire brush 13 675 §/16 in. 2'/, in. R 0 60 
B Oakite S4a, 4 min 
180° F. 28 675 6/1, in. 2'/. in. R 0 62 
0.020 in., 3% BF, 
10 sec. 31 600 5/ig i 21/. in. R 26 17 Cladding partially melted 
15 sec. ) 
D Oakite 84a, 5 min. 
180° F. 34 675 $/y, in. 21/,in. R 30 75 Good weld 
E Oakite 84a, 3 min. 
180° F. 52 675 5/16 in. 2!/, in. R 47 74 Good weld 
F Oakite 84a, 7 min. 
180° F. 84 675 5/1, in. 2!/, in. R 18 66 Good weld 
G Oakite 84a, 10 min. 
180° F. 93 675 5/1, in. 2'/2 in. R 49 69 Good weld 


Table 4—Effect of Electrode Conductivity on the Welding of Dissimilar Thicknesses, 0.020—-0.064-In. Alclad 24S-T 


Contact Penetration— 
Weld Surface Resistance, Pressure, —Electrodes 0.020-In. 0.064-In. 
No. Treatment Microhms Lh. Against 0.020 In. Against 0.064 In. Sheet Sheet Remarks 4 
1 Wire brush 10 500 3/1,in., g = 50% 3/:,in., g = 85% 65 43 Considerable unmelted i 
cladding 
2 Wire brush 10 500 g = 85% 3/1,in., g = 50% 0 42 
3 Wire brush 10 600 0.17 in., g = 85% 3/1, in. (0.19 in.), 13 52 Good weld 7 
g = 50% 
4 Wire brush 10 600 3/1, in. (0.19 in 0.17 in., g = 85% 0 57 7 
50% 
5 Wire brush 10 500 i/,in., g = 5OY, 2'/, in. R, g = 0 80 
6 Wire brush 10 400 i/, in., g = 50% 2'/2 in. R, g = 0) 82 
85° 
7 Wire brush 10 300 1/,in., g = 50% 2'/, in. R, g = 0 9] Cracke: large heat- 
85‘ afi in 
0.020-4 
Notes: (a) g = conductivity, based on copper = 100°. (b) Pickup on tip of 50° conductivity was very rapid 
Table 5—Welding of Dissimilar Thicknesses, 0.020-0.125-In. Alclad 24S-T 
Contact Electrodes Penetration 
Resistance, Pressure, Against Against 0.020-In 0.125-In. 
Surface Treatment Microhmis Lb 0.020 In. 0.125 In. Sheet Sheet Remar 
Wire brush 9 SOO 2'/. in. R 5/\,-in. flat 13 20 Sheet paration, unmelted 
cladding 
Oakite 84a, 5 min 55 R00 2!/. in. R ie-in. flat 20 18 Sheet separation, unmelted 
180° F cladding 
Oakite S4a, 3 min 100 S00 2!/,in. R in. flat 63 24 Longitudinal crack sheet 
180° F. 


separatior 


might run hotter and the weld might form closer to the tried. The best fusion was obtained at a contact re- 


hotter electrode. From a commercial standpoint such a 
method would be impractical because at the beginning 
of a row of welds there would be no fusion at the inter- 
face and no good welds would be made until the elec- 
trodes warmed up. 


The Spot Welding of 0.020- to 0.125-In. Alclad 24S-T 


No combination of electrode and contact resistance 
gave completely satisfactory welds in attempts to weld 
0.020- to 0.125-in. Alclad 245-T. It was difficult to 
melt through the cladding of the thick sheet without 
fusing completely through the thin sheet, and because of 
an exaggerated punch effect, the sheet separation was 
high. 

Table 5 summarizes a few of the conditions which were 


sistance of 100 microhms, but here, even though the sheet 
separation was high, the pressure was still insufficient to 
prevent cracking and porosity. 

Some attempt was made to reduce the sheet separation 
by placing a °/,»-in. flat against the 0.020-in. material 
and a 2'/»-in. radius dome against the thick sheet. In 
this case it was difficult to bring the fusion to the inter- 
face, even with a high contact resistance, and the fusion 
was very erratic. 


Conclusions 


This investigation has been limited to the welding of 
0.020- to 0.040-, 0.020- to 0.064- and 0.020- to 0.125-in. 
Alclad 24S-T, and the conclusions drawn here should 
be interpreted with caution in applications to other 
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gages. The results of this investigation indicate that: 

1. When using material treated to have low surface 
resistance, it is possible to weld a dissimilar thickness 
ratio of 2:1 with low sheet separation and with either 
surface kept smooth. 

2. When the dissimilar thickness ratio is 3:1, ma- 
terial having a low surface resistance cannot be welded 
without indenting the thin sheet. Material with medium 
surface resistance can be welded with low sheet separa- 
tion and with either surface kept smooth. It should be 
pointed out that medium values of surface resistance are 
probably more common in production than the very low 
values. 

3. Tip contour and surface resistance are more 
effective than tip conductivity in determining the posi- 
tion of the fused zone. To keep the surface of the thin 
sheet smooth it is necessary to use a flat tip against the 
thin sheet and a smaller flat or a dome-shaped tip against 
the thick sheet. This tends to restrict the fusion to the 
thick sheet. This effect cannot be counteracted by using 


an electrode tip of lower conductivity against the thin 
sheet. The extremely rapid rate of electrode pickup 
which accompanies the use of low-conductivity electrodes, 
also precludes the possibility of adjusting the heat 
balance by this method. 

4. It is inadvisable to weld a dissimilar thickness 
ratio of 6:1 because of the erratic nature of the fusion 
and because of high sheet separation. It should be 
noted, that in welding two sheets having wide differ- 
ences in thickness, the greater part of the difficulty is 
probably due to the thickness of the aluminum cladding 
on the thick sheet. It is difficult to absorb so much 
cladding in the fused zone. 
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Discussions on “Ettect 
of Recent Research on 


the Weldability and 
Control of the Produc- 
tion of Steel Aircraft 
Tubing” 


By G. E. Doan' 


NLY rarely can a physical property be so satis- 
factorily correlated with microstructure as has 
been done in this report. To correlate that 

microstructure with the steelmaking practice by which it 
was produced is still more gratifying to those involved in 
the research. The development of a high-speed dila- 
tometer to duplicate the heating and cooling rates in 
actual welding gave further confirmation of the effect of 
carbide size. The effect of manganese on crack sensi- 
tivity would of course have been expected from the find- 
ings of other investigators. 

The author is to be complimented also upon limiting 
this test to the use for which it was designed, namely, 
the determination of crack sensitivity of aircraft tubing 
steels. If a thicker specimen than !/, in., or a different 
initial temperature were used, or if the conditions for gas 
absorption and liberation were changed, the steels might 
rate quite differently. For the purpose intended, the 
test has given admirable results, and has no doubt indi- 
cated the path to superior steels for this purpose. 


* Paper by A. J. Williamson published in the October 1945 Supplement 
t Lehigh University 
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WELDING RESEARCH SUPPLEMENT 


By John J. B. Rutherford’ 


The keynote of industry during the war has been 
cooperation. Problems in welding, such as those studied 
by the project committee, readily involve factors in steel 
making, tube piercing, heat treating and final fabrication. 
Mr. Williamson makes an excellent summary of this 
complex project and presents clearly the position of the 
tubing manufacturers concerning the aircraft industry 

Welding involves steelmaking on a small scale, in con 
trol of the molten metal, and also involves miniatur: 
heat-treating operations. A glance at Fig. 9, represent 
ing the hardness variation in bead deposit areas, shows 
pronounced variations in heat treatment within clos 
proximity. Improved laboratory techniques have per- 
mitted studies in micro-units of mass and distance but 
the third element, time, requires considerable develop 
ment. Mr. Williamson calls attention to the fact that 
temperature levels which normally effect complete 
carbide solution, may not do so in the short interval of 
welding. This is one reason that it is necessary to simu 
ate actual welding conditions as closely as possible, such 
as in the test specimen shown in Fig. 1. 

We hope to see the present studies continue through 
the facilities of peace agencies, to include S-curves and 
and reaction rates comparable to those present in th 
welding operation. As a word of caution, we feel 1! 
might be pointed out that the aluminum addition mad: 
to an induction-melted steel (1'/, lb. per ton to Ht 
9626-2) is not directly related to commercial requir: 
ments. While the trend has been readily demonstrate: 
it would be highly desirable to repeat part of this e» 
perimental technique with commercial O.H. and E.} 
steel from various sources, representing different meltin: 
practices. 


Epitror’s Note: Discussion will be continued in sub 
sequent issues. 
tT Research Metallurvgist, The Babco 
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NEED AN ALL-PURPOSE WELDER? 


Westinghouse Model WT-4C A-C Welder is ani 


Seeexcellent and sturdy machine for all around service 


@nd light-duty production welding. Generously de=agy 
Signed and ecasily portable, this welder with 


ower factor can cut costs and speed up service on 
ai kinds of welding jobs. Twenty-seven steps Of 


Meurrent adjustment from 20-250 amperes. 


GET THE WELDER DESIGNED 
TO DO THE JOB! 


Westinghouse Model WC-AC 
Flexarc Welder 


This new Westinghouse high-frequency stabilized a-c 
welder meets the need for a welder that can weld 
light sheet metal. It was designed and intended first 
for the aircraft industry so that thin-wall tubular 
fuselage members, tubular clusters on engine mounts 
and landing gear could be welded satisfactorily and 
economically. With it, there is no need to ‘‘adapt”’ 
welders designed for other types of service. 


CHECK THESE FOUR POINTS: 


1. Operator can strike and maintain arc easily over 
entire range of welding on light work. High-fre 
quency stabilized arc keeps current constant, 
prevents burn-through. 

2. Easy stepless current adjustment from 10-200 
amperes. 

3. Welds all types of alloys as readily as carbon 
steel. 


4, High efficiency and power factor. 


Call your Westinghouse Welding Distributor, or 
write Westinghouse Electric Corporation, P. O. Box 


868, Pittsburgh 30, Pa. j-70444 
i h 
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PLANTS IN 25 CITIES... OFFICES EVERYWHERE 


A-C WELDERS 
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Dependable local oxygen deliveries 
to industrial centers 


, saygale your plant is located, you can depend on Airco 
for a steady supply of high-quality oxygen. Airco plants and 
warehouses throughout the nation supply oxygen in any volume— 
from a hundred cubic feet to many million cubic feet monthly. 

Airco oxygen is “packaged” to meet varied needs— in individual 
cylinders or in trailers. Whichever Airco delivery method you select, 
you always receive oxygen — guaranteed 99.5% pure in the cylinder. 
@ An interesting free booklet—““Oxygen—Indispensable Servant of 
Industry’ —describes Airco’s complete oxygen service. Write for a free 
copy to Dept. \\'| at the New York office. 


Arr REDUCTION 


General Offices: 60 EAST 42nd STREET, NEW YORK 17, N. Y. 
In Texas: MAGNOLIA AIRCO GAS PRODUCTS CO. + General Offices: HOUSTON 1, TEXAS 
Offices in all Principal Cities 
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a || FLUX-COATED 


PATENTED | 


fer Ory acelytene 
welding of steel, 


cast tron, and brass. 


All the superior qualities of standard 


OXWELD 25M. (Patented) Bronze Rod 


e Makes uniformly high-quality welds 

e Melts readily 

eFlows freely 

¢ Tins easily 

Welds solidify quickly 

¢ Makes high-strength welds 

eWelds have high ductility and wear resistance 


¢ Welds are easily machinable 


Plus the many adventages of flux 
precoating 


eSpeeds bronze-welding 
¢Assures uniform fluxing 
eliminates repeated fluxing of the rod 
eSaves flux 

¢No “spalling” and little “burn-off™ of flux 


e Coating is unaffected by weather conditions 


Try this new OxweLp rod on your next bronze- 
welding job. There is a dependable OXwWeLp rod 
‘or every welding job. Write for descriptive 

price lists — Form 5991 and 4507. Order from 


your dealer or from Linde. 


Tue Linpe Air Propucts CompANY 


Unit of Union Carbide and Carbon Corporation“ 


United States 
Victory Bonds and Stamps 


30 42nd St, New York 17,.N.¥. _ Offices in Other Principal Cities’ 
In Canada: Dominion Oxygen Company, Limited, Toronto 


The word “Oxweld” is a registered trade-mark of Union Carbide and Carbon Corporation 
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REASONS WHY 


WELDING FLUX No. 16 GH 
IS THE BEST FOR THE WELDING OF STAINLESS STEEL 


why SOLAR FLUX was manufactured 


For fifteen years Solar Aircraft Company has devoted itself to the design and fabrication of products made of 
stainless steel and similar alloys. Its principal business is the manufacture of airplane exhaust systems. 


To withstand the intense heat of exhaust gases, airplane manifolds must be perfectly welded. 


To accomplish these results with minimum time and application effort, the Research Department of Solar deve!- 
oped Solar Stainless Steel Welding Flux No. 16 GH. 


This flux was first used and developed exclusively for Solar’s own plants. It proved itself so successful that 
other plants which needed a specialized flux for the welding of stainless steels made arrangements to use it. 


They, too, have found that for better and speedier welding and fewer rejects SOLAR FLUX No. 16 GH has no 
equal for the following reasons: 


1. 


EASY TO USE 


Solar Flux is easily applied with a brush. It dries quickly 
because it is mixed with methanol—thus parts can be 
welded immediately after application. 


ADHERES BETTER 


Solar Flux sticks to the metal because of the use of Methanol 
and its mineral binder. So tenatious is it that it will adhere 
to the metal in spite of frequent handling. Parts can be 
fluxed and stacked days ahead of actual welding, thus 
facilitating faster production flow. 


. IT GOES FURTHER 


Because SOLAR flux can be thinly spread over the weld 
area—it gives from 15°, to 20% greater coverage. 


NO BINDER—NO “ETCHING” 


SOLAR flux requires no shellac or other binders that cause 
carbon pick-up by the metal being welded. 


PREVENTS “BURNING” (Oxidation) 


SOLAR flux prevents “burning” or oxidation of molten metal 
during welding b2cause certain inhibitors have purposely 
been introduced into the flux to prohibit the penetration o! 
oxygen. It prevents pinholes by better elimination of trapped 
gases. 


DUCTILE WELDS 


Unless welds remain ductile during forming and bending, 
they will crack or check. Army and Navy certification of 
welders require that welds must not show failure by check- 
ing or cracking when bent through an angle of 180°. 


SOLAR research discovered that the presence of too much 
boron in flux contributes to cracking. In SOLAR FLUX the 
boron content is carefully controlled, thus ductile welds are 
uniformly obtained—there are fewer rejects on inspection. 


NO TOXIC FUMES—WIDER APPLICATION 


SOLAR FLUX can be used with oxy-acetylene, atomic hydro 
gen or metallic arc processes with equal ease and benetit. 
It gives off no toxic fumes—no special ventilation is needed 
in the welding room. 


Solar Flux Complies with Army Air Force Specification No. 11314 
and Navy Department Specification No. 51F3a 


Try Solar Flux At Our Expense. See For Yourself How Easily It 
Can Be Applied. How It Improves Welding — How Much 
Time It Saves. 


Manufactured by 
SOLAR AIRCRAFT COMPANY 


National Distributor 


VICTOR EQUIPMENT COMPANY 


844 FOLSOM STREET, SAN FRANCISCO « 3821 SANTA FE AVENUE, LOS ANGELES 
Sold by VICTOR distributors from Coast to Coast 
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In designing the gun-control systems 


which shot down enemy planes, Army 
ballistic experts were faced by long 
hours of mathematical calculations. 
So Bell Laboratories developed an 
electrical relay computer. It solved 
complicated problems more accurately 
and swiftly than 40 calculators work- 
ing in shifts around the clock. 
Kesembling your dial telephone sys 
tem, which seeks out and calls a tele 
phone number, this brain-like machine 
selects and energizes electric circuits to 


EXPLORING AND INVENTING, DEVISING AND 


1945 


correspond with the numbers fed in. 
Then it juggles the circuits through 
scores of combinations corresponding 
to the successive stages of long calcula 
tions. It will even solve triangles and 
consult mathematical tables. The 
operator hands it a series of problems 
with the tips of her fingers — next 
morning the correct answers are neatly 
typed. Ballistic experts used this calcu 
lator to compute the performance of 
experimental gun directors and thus to 
evaluate new designs. 


i i 


(Left to right) The operator punches the problem 
data on tape, which is fed into the computer. The 
solution emerges in the teletype receiver. Relays 
which figure out the problem look like your dial 
telephone system. 


In battle action, Electrical Gun Di 
rectors are, of course, instantaneous. 
Such a director helped to make the 
port of Antwerp available to our ad 
vancing troops by directing the guns 
which shot down more than 90‘; of 
the thousands of buzz bombs. 

Every day, your Bell System tele 
phone calls are speeded by calculators 
which use electric currents to do sums 
Even now, lessons learned from the 
relay computer are being applied to 
the extension of dialing over toll lines. 


BELL TELEPHONE LABORATORIES 


PERFECTING FOR CONTINUED IMPROVEMENTS 


ADVERTISING 


AND ECONOMIES IN TELEPHONE SERVICE 
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FOR FASTER, SMOOTHER 
STRONGER WELDS 


On Circular or Cylindrical Work 


. Weld it automatically 
on Ransome Positioners 
or Turning Rolls 


Whatever the weight or diam- 
eter of your circular or cylindri- 
cal work up to 75 tons and 14 
there’s a Ransome Posi- 
tioner or Turning Roll Unit 
for rotating it at the right speed 
that will give you all the time- 
material-labor-saving benefits 
of automatic welding. Strong- 
er, smoother welds...as much 
as 50% faster production. In- 
vestigate Ransome Positioners 
and Turning Rolls — today. 
Bulletin 210 gives all the facts. 


Subsidiary of 
WORTHINGTON 


Pump end Machinery Corporation } 


Industrial Division 


Power Plant Equipment * Turbines & Turbo-Gen- 
erator Sets * Diese! & Gos Engines * Pumos & 
Compressors * Air Conditioning & Refrigerating 
Equipment © Construction & Mining Machinery 


MACHINERY COMPANY 


Hosters Welding Positioning Gavio- Dunellen, New Jerse Worthington Pump and Machinery Corp.... 1190 
24Rs184 
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Above, right: Head of a typical PROGRES- 
SIVE Ultra-Speed on a machine designed to 


weld a series of double rows of 40 spots in a With the Progressive Ultra-Speed you weld the Spots 
large panel assembly. ( Automatic indexing to 
1/1000 inch; high speed “approach” to weld- automatically at almost unbelievable rates—welding speeds 


ing position; automatic cycle.) 
Above: Heart of PROGRESSIVE Ultra- 


Speeds is this control unit with many exclu- The welding guns apply the pressure on the work all at 
sive PROGRESSIVE features. 


up to 900 spots per minute are possible. 


the same time, thus clamping it firmly in proper position 


Typical Applications before welding. They remain in contact after welding, thus 
for the Progressive Ultra-Speed eliminating sparking at electrodes. 
a The Progressive Ultra-Speed is versatile and you can 
Floor-pans Rear Decks Doors Frames 
Roof Assemblies Windshield Openings projection weld as well as spot on the same job, using the type 
REFRIGERATOR of welding best suited to each location or metal thickness. 
Doors Panels Trays El b dj 
STOVES ectrodes can be arranged in circles, rows, curves, 
Panels Doors stepped, etc. 
NOTE: PROGRESSIVE Ultra-Speed machines are 
l. | custom designed and built to order for the specific 
. job, using standardized sub-assemblies to reduce 
iT | initial cost and increase salvage value. We will be 
= , glad to tell you about the many exclusive features 
TO WELD of the PROGRESSIVE Ultra-Speed. 


Write us for further information 


SESTS TANCE WELOING EQUIPMENT 
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Outstanding Features of 


Seafront. WELDER CONTROL 


SIMPLICITY! Only simple magnetic relays and pneu- 
matic timing units are used in the assembly of Safront 
Weld and Sequence Timers. Circuits are conventional 
—easy for the electrician to understand and service. 
Individual pneumatic timing relays govern each step 
in the resistance welding cycle. Operation is based 
on the interval required to transfer a small volume aa 
of filtered air from one chamber to another, through 

a regulated orifice. 


ACCESSIBILITY! Loosening two screws permits 
swing-out of the Safront timer panel. Control relays, 
timing relays, terminals and wiring are instantly ac- 
cessible for inspection or maintenance. Coils, contacts 
and all renewable parts may be replaced, in a mat- | 
ter of seconds, using only a screwdriver and pliers. 

* * * 


Standard types of Safront timers are available to 
meet practically all resistance welding requirements. 
Safront construction places all electrically ‘live’ parts 
behind a protective panel, yet provides large cali- 
brated dials with knurled adjusting wheels in front, for 
finger-tip adjustment of individual timing periods. 


Write for Bulletin 8991. Address Industrial Controller 
Division, 4041 N. Richards St., Milwaukee 12, Wis. 
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PECIFICALLY designed for welding carbon- 
molybdenum steels, in all positions, this 
new G-E electrode can also be used successfully 
on other low-alloy, high-tensile materials. W-56 
is the first electrode to meet all of the require- 
ments of AWS Classification E7010/E7011. 
And it makes possible, for the first time, the use 
of either a-c or d-c for all of these applications. 
Even more important, the recognized advan- 
tages of the a-c welding process are now made 
available to industry for high-quality welding of 
low-alloy, high-tensile steels in the vertical and 


_ overhead positions. 


Type W-56 Welds Exceed Specifications 


Heavily covered, Type W-56 provides a 
steady, spray-type, deep-penetrating arc which 
produces a weld of superior quality and excellent 
appearance. Its light, friable slag is readily 
removable and sets up rapidly, facilitating 
welding in the vertical and overhead positions. 


and profile appearance 


Welds in all positions 

or d-c operation 


Although Type W-56 is designed for use in 
all positions, its superior welding qualities are 
most noticeable when it is used in the vertical. 
The bead obtained is relatively flat, with smooth 
uniform ripples. X-rays of plates welded in the 
vertical position are exceptionally clean, and 
the mechanical properties of specimens are well 
above specification requirements. 


Test Type W-56 Yourself 


If your welding work includes the fabrication 
of pressure vessels (fittings), pressure piping, 
or other applications involving the welding of 
low-alloy, high-tensile steel, try the new Type 
W-56 electrode. Ask your G-E arc-welding dis- 
tributor for samples and see for yourself the 
increased welding production and _ superior 
welds obtainable with this newly developed 
rod. Your distributor can also provide you with 
detailed performance data. Or, write General 
Electric Company, Schenectady 5, N. Y. 


Welds have excellent surface 


Deep-penetrating, spray-type are 
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HELP YOU TO KEEP WELDING COSTS 


e Type and cost of current used —weld- 
ing position — fit-up — efficiency of the 
operator—all these affect the over-all cost 
of production welding. Quite as impor- 
tant as any of these are the type, size and 
make of electrode used. And that’s where 
PAGE comes in. Here’s why. 


1 + PAGE electrodes are of uniformly high 
quality. Experienced welders take that for 
granted. 
2 « The wide range of PAGE electrodes and 
gas welding rods includes the one most 
economical rod for practically every type 
of production welding. 
3° Through long and close contact with 
welding engineers and welders, PAGE is 
often able to help on problems of welding 
technique and the selection of rods. 


PAGE specializes in stainless steel. But 


whatever your problem, if it has to do 
with welding, it will pay you to... 


Get iu touch with Pagel 
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ANY people wonder why 

Japan stuck it out alone 
for so long. The secret is now ex- 
posed by Hirohito’s Lord Keeper 
of the Privy Seal, Koichi Kido, in 
these prize words: 


“It wasn’t a question of 
whether we could win. I 
hoped we could fight long 
enough so that the U. S. 
would be satisfied with a 
fifty-fifty peace—Jeaving us 
what we won.” 


A burglar could as well make a 
**50-50"’ peace with the police by 
taking the swag he won and 
leaving the safe. 


A 50-50 approach in building 
nations, as in building a business, 
is but a compromise .. . a tem- 
porary expedient. Tota/ results 
require total intelligence, applied 
all the way, along proven lines. 
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How Murex Type MA Helped Us out of a Jam 


We'd almost gotten our new arc 
welding department running per- 
fectly, when in comes this special 
carbon-moly steel pipe job that 


threatened to knock us back on our . 


heels. 

I went over the situation with 
Tom, our arc welding super. and he 
was not happy about it. 

“The work can’t be positioned,” 
he said, “and we have to use these 
A.C. Machines—the D.C. sets won't 
be ready for weeks. On top of that, 


they want a tensile strength of 
70,000 or more, with better than 
22% ductility. That’s going to take 
quite a rod.” 

“Right, Boss,” I agreed. “And 
Murex Type MA is the rod. It was 
designed for all-position welding of 
carbon molybdenum and other high 
strength steels. It works on A.C. or 
D.C. It’s especially useful for high- 
quality overhead and vertical welds. 
This rod was the first of its type in 
the industry...only been available 


for a couple of months. Want to 
try it?” 

“You bet, Tom to:a me. “We'd 
better check on it right away.” 

We did, and it worked fine. We 
got the pipe job out on time, and 
now we stock a supply of Murex 
Type MA rods regularly for similar 
jobs. Tom swears by this new 
E-7011 electrode; the welders like 
it; and Quality Control thinks the 
work we turn out with it is swell. 
Of course, I’m happy, too. 


METAL & THERMIT CORPORATION 


120 BROADWAY, 
ALBANY + CHICAGO + PITTSBURGH + SO. 
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THIS IS FEDERAL’S HOME 


Plant A..Welder Manufacture . . Sales Offices 


Plant B.. Heavy Manufacture .. Executive Offices 


Plant C .. Special Manufacture . . Engineering 
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